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Resumo
Um dos principais desafios no século XXI, é a necessidade de detectar e controlar
os elementos biológicos relacionados com a saúde humana e o meio ambiente. Análises
feitas hoje em laboratórios especializados são muito lentas e caras, e muitos desses processos
estão usando marcadores fluorescentes, fazendo o procedimento mais complicado ainda,
limitando a detecção de alterações na interação molecular dos analitos; este é um dos
principais motivos para a pesquisa relacionada com mecanismos de biodetecção de baixo
custo.
Os tipos de biossensores do nosso interesse são os ópticos; este tipo de biossen-
sores oferecem alta sensibilidade, estabilidade mecânica, baixo custo de produção e inte-
gração, permitindo simultaneamente múltiplas medidas. Nesse sentido, os biossensores
ópticos são vistos como a ferramenta ideal para atender as necessidades que a sociedade
atual demanda, ou seja, garantir num único dispositivo (chip), a integração total da fonte
e do sistema de medição para bio-deteção de multiplas doenças de forma simultânea
(Lab-On-Chip).
Até hoje a maioria das pesquisas relacionadas com biossensores ópticos são
feitas tendo como material base o silício, devido às excepcionais características ópticas
e mecânicas do material e a facilidade de fabricação. Como as técnicas de fabricação
destes materiais estão muito padronizadas, a reproducibilidade dos dispositivos fabricados
é garantida. Porém, embora a fabricação com tecnologia de silício reduza custos quando
comparanda com outras tecnologias, ainda fica inviável pensar em produção em massa
para dispositivos descartáveis. Para reduzir ainda mais os custos de fabricação e garantir
que a produção em massa seja uma realidade, a comunidade cient´fica começou pesquisas
de novos materiais com características ópticas similares ao o silício mas que mantenham
uma boa sensibilidade. Porém os resultados obtidos até agora são soluções com alto custo
de fabricação, muito distante do esperado.
Nossa motivação é fazer uma contribuição significativa para reduzir as com-
plicações descritas acima, nesse sentido o trabalho desenvolvido neste documento tese
apresenta uma plataforma completa, de baixo custo de produção, com perdas ópticas de
4.38 dB/cm e 6.40 dB/cm avaliadas num comprimento de onda de 633 nm para dispositivos
mono-modo e multimodo respetivamente; e adicionalmente foi possível medir sensibili-
dade da ordem de 0.0586 dB/◦C nos interferômetros trimodais propostos. Os dispositivos
estudados incluem todo o ciclo de produção, ou seja, o desenho, a fabricação, caracteri-
zação e demonstração de biodetecção de anticorpos padrões e específicos, em estruturas
poliméricas de alta qualidade e com excelente desempenho, demonstrado numéricamente e
experimentalmente.
Palavras-chave: Sensores fotônicos, óptica integrada, fabricação de nano-
estruturas, interferómetro modal, acopladores direcionais, plasma DBD, detecção livre de
etiquetas.
Abstract
The need to detect and control biological elements related to human health
and the environment is one of the main challenges of the 21st century. Biochemical
analyzes performed today require specialized laboratories, which increases response time
and processing costs. Many of these studies require fluorescent markers, making this
procedure even more complicated, limiting the detection of alterations by the presence
of the analytes. This is one of the main reasons to carry out research related to low-cost
biosensor mechanisms.
Our interest is focused on optical biosensors, because this type of sensor device
offers high sensitivity, mechanical stability, low cost of production and integration, providing
the ideal conditions to carry out heterogeneous measurements simultaneously. In this
sense, optical biosensors are envisaged as a tool that will guarantee in a single device
(chip), the total integration of the measurement system (source, transducer, bioreceptor
and detection system) for multi-disease bio-detection simultaneously (Lab-On-Chip).
Nowadays, most of the research related to optical biosensors are made with
silicon technology, because the exceptional optical and mechanical characteristics that the
material offers, in addition, its easy fabrication process is a plus. Because the techniques
used to fabricate devices based on silicon technology are widely known and the processes
are very standardized, the reproducibility of the fabricated devices is guaranteed. However,
despite the fact that silicon technology is cheap when compared to other technologies, it is
not feasible yet to think about mass production of silicon photonics devices for disposable
use. In order to further reduce manufacturing costs and to ensure that mass production
becomes a reality, the scientific community has begun research on new materials, which
have similar optical characteristics to silicon photonic devices and with high sensitivity
achieved by well-thought design. However despite the efforts, the results obtained so far
are solutions with high fabrication cost, very distant from what is desired.
Our motivation is to make a significant contribution to reduce the shortcomings
described above, in this sense the work developed in this thesis document presents a
complete, low cost fabrication platform with optical losses of 4.38 dB/cm and 6.40 dB/cm
at 633 nm wavelength for single-mode and multimode devices respectively; in addition
it was possible to measure sensitivities around 0.0586 dB/◦C in the proposed trimodal
interferometers. This document present numerical and experimentally the entire produc-
tion cycle, i.e., the design, fabrication, characterization and demonstrations of biosensing
interaction of standard and specific antibodies with high quality polymeric surface.
Keywords: Optical sensors, integrated optics, nanostructure fabrication,
modal interferometers, directional couplers, DBD plasma, label-free detection.
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In the last decade, there has been a notable evolution in the systems of
information technology and telecommunications, so it may seem like prehistoric, something
that was introduced as a novelty only a few years ago. Services, utilities, applications,
gadgets, communications or mobile internet are constantly present in 2017, but fifteen
years ago probably many of them would not even be in the imagination of the futuristest
people.
Nothing shows the advancement of technology better than a mobile phone. In
2000, a cell phone was not essential, but nowadays they are used from buying vegetables
to banking transactions, becoming almost indispensable in people’s daily lives.
Within the global in vitro laboratory testing market, the Point of Care (POC)
is the fastest growing segment in the last decade, dominated by devices for measuring
glucose (67%), followed by tests used in intensive care (8%) and pregnancy tests (5%).
With the experienced technological evolution, laboratory tests available as POCs continue
to grow, making possible the development of portable devices capable of testing from small
samples of body fluids.
The early detection of diseases such as pneumonia, hepatitis A, HIV, malaria,
tuberculosis, dengue and new diseases such as zika virus or chikungunya, including
superbugs among others, has become a priority need, requiring devices that allow the early
real-time detection of this type of diseases, with high accuracy level. Under these conditions
the POC devices allow the identification and quantification of molecules belonging to
diseases within the body fluids, providing a qualitative and quantitative evaluation of the
abnormalities presented.
These types of devices are generally desired because they are projected as an
excellent alternative of self-testing in countries and regions where the medical attention is
precarious and where analysis that requires well-equipped laboratories are scarce.
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1.1 Biosensors
To understand an optical biosensor it is necessary to contextualize it. First, a
biosensor is a device that incorporates a biological sensor either connected or integrated
with a transducer [1]. This device uses specific biochemical reactions mediated by isolated
enzymes, immune-systems, tissues, organelles, or whole cells to detect chemical compounds
usually by electrical, mechanical, or optical signals.
In Fig. 1.1 it can be seen that a biosensor is usually composed by three main
sections, the bioreceptor, the transducer and the visualization platform.
Figure 1.1: General biosensor block diagram.
The bioreceptor, is a thin biolayer which will provide the desirable conditions
to detect the target analyte. The bioreceptor can be divided in catalytic, by affinity,
label-based and label-free. The catalytic bioreceptors recognize chemical compounds and
transform them in a product. Such is the case of enzymes, cell organelles or whole
cells [2]. Bioreceptors by affinity employ the specific abilities of an analyte to conformally
be united to an element of bioreacquisition; such is the case of the immunosensors, or
DNA biosensors [3, 4]. Label based bioreceptors are the most employed so far, based on the
indirect detection of the bioreactor process between the receptor layer and the analyte by
a label. Enzymatic, radioactive, magnetic marker, luminescence or fluorescence are some
of the most widely used types of biomarkers [5]. Finally, the label-free bioreceptors are
presented, the implementation of this type of bioreceptor, will allow the detection of the
desired analyte in a direct way and without the need for further modifications [3, 6].
The second section mentioned was the tranducer, which will transform the
generated biochemical reactions on surface in discernible signals for the final user. There
are many types of tranductors, between them we have the electrochemical, piezoelectrical,
nano-mechanical and optical tranducers. The electrochemical tranducer can be classified
mainly in amperometric transducers (resulting current) and potentiometric (potential
difference between either an indicator and a reference electrode or between two reference
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electrodes separated by a membrane of selective permeability) [7]. Piezo-electric tranducer
will generate mechanical and electrical forces. Due to biomolecular recognition, in the Nano-
mechanical transducer changes in its resonance frequency are generated [8]. Biomolecular
interaction on surface of the optical transducer, will generate changes in the optical
properties of the involved materials [9, 10].
The efficiency of the biosensor is determined basically by high sensitivity and
selectivity. Moreover, it should provide rapid, direct and cost effective analysis, easy
operation, high accuracy and a wide detection range using a minimum volume of sample
and reagents [11, 12]. During the last years, a wide range of biosensing devices based
on very diverse physical and chemical transduction mechanisms have been developed to
translate the bio interaction into a quantifiable signal [13]. Among the different transducers,
optical detection methods, which employ the variation of the propagation properties of
light when it interacts with the biological medium, have excelled [11].
1.2 Optical biosensors
Nowadays, to detect disease or pollutant affecting plants it is necessary to make
a diagnosis analysis in laboratories with complex equipment to obtain accurate results.
Long processing periods are necessaries, as are special dedication and finally highly trained
staff, these characteristics are translated into high cost and delayed results. Real time
detection, accurate results and multiple detection simultaneously in a single device are the
main challenges to obtain compatible devices with portable point–of–care platforms. In
this sense, the optical biosensors are seen as an excellent alternative, because it displays
lower Limit of Detection (LOD) in comparison with other types of biosensors.
The Limit of Detection (LOD) is usually defined as the minimum amount or
concentration of substance that can be detected by a given analytical method. Intuitively,
the LOD would be the minimum concentration obtained from the measurement of a sample
(containing the analyte) that we would be able to discriminate from the concentration
obtained from the measurement of a target, i.e., from a sample without the presence
of any analyte [9]. The lower the LOD reached, the greater the sensitivity achieved
will be, being that the sensitivity expresses the change in response of the analytical
instrument for a determined change in concentration of analyte and it is given by the
slope of the calibration curve, as can be seen in Fig 1.2, where LOD, LOQ and LOL refer
to the Limit of Detection (concentration of analyte generating a signal on the transducer
significantly different from the noise signal), Limit of Quantification (the lower limit for
precise quantitative measurements) and the Limit of Linearity respectively.
The optical biosensors present undisputed advantages with respect to other
detection schemes (for example, electrochemical or piezoelectric) [12,14], such as immunity
to electromagnetic interferences, potential to be used in aggressive environments, minia-
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Figure 1.2: General biosensor block diagram.
turization capabilities in micro-systems via optoelectronic integration, and the possibility
of multiplexing through imaging detection. One of the main characteristics of most optical
biosensors is the feasibility of real-time detection of the analytes in a direct way i.e.,
without markers, unlike other clinical or biological analysis that always require markers
(fluorescent or radioactive) [14], or other amplification steps. These characteristics allow
optical biosensors not only to perform qualitative (yes/no) and quantitative analysis,
but also to evaluate the kinetics of the interaction (affinity, association or dissociation
constants) and, therefore, to elucidate the fundamental mechanisms of the biological
interaction.
The most promising optical transducers are based on the evanescent wave
detection principle. The evanescent wave is a stationary wave in a near field with an
intensity that shows an exponential decay. The sensitivity of a sensor device based on
this principle will depend directly on the penetration depth of the evanescent wave in the
external environment (sensor area), providing devices with LOD lower than 1× 10−7 and
enabling label-free detection of target molecules (pico-molar (pM) concentrations) in
real time with reduced nonspecific binding. This makes evanescent wave-based optical
biosensors one of the most useful devices for detection of specific targets in complex
samples. This concept is presented in Fig. 1.3.
The most commonly employed and well known evanescent wave biosensor is
the Surface Plasmon Resonance (SPR) sensor [12], based on the reflectivity variations of a
thin metal film in contact to a biological medium. The SPR biosensor has been widely
developed and many companies commercialize it in different versions [12].
In a SPR biosensor the LOD depends strongly on the quality and thickness of
the metal used in the constitution of the device. The SPR biosensor can only detect in
direct way, and the detected concentrations are in the nanomolar range, i.e., variations
in the order of 1× 10−5 in the refractive index, which is roughly equivalent to 1 pg/mm2
of substance deposited at the sensing surface. Thanks to this high detection limit and
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Figure 1.3: Representation of multiple evanescent modes propagating through optical
waveguide. FM (Fundamental Mode), FOM (First Order Mode), SOM (Second Order
Mode).
direct-way evaluation possibility, the SPR systems are extremely useful [13,15], nevertheless,
many biological interactions require transducers with higher sensitivity.
One of the main drawbacks of SPR sensors is the requirement of a coupling
mechanism to excite the SPR, such as a prism or a diffraction grating. For that reason,
SPR sensors are bulky and their miniaturization is complex. Besides, since the surface
plasmons propagate around 100µm, the minimum size of the sensing area is restricted
to this distance, which considerably limits the number of sensing channels that can be
fabricated in real compact devices. Therefore, the main challenges that optical sensors
must face are both sensitivity and multiplexing improvements [16].
To guarantee a long evanescent wave on the surface, the required dimensions
of the optical waveguide must be smaller than the free-space wavelength of light. The
biological receptor is immobilized onto the core- surface of the waveguide. Exposure of
the functionalized surface to the complementary analyte molecules and the subsequent
biomolecular interaction induce a local change in the optical properties of the waveguide.
This change is detected via the evanescent field of the guided light, whose amplitude is
correlated to the concentration of the analyte and to the affinity constant of the interaction.
The change of the effective refractive index is manifested as a change in the power monitored
at the end of the waveguide.
Optical devices operating according to this principle can detect changes taking
place on the surface of the waveguide, because the evanescent waves decay exponentially
away from the high refractive index core. For most waveguide systems, this decay length
is of the order of 0.1 to 1.0µm. For that reason, it is not necessary to carry out a prior
separation of nonspecific components (as in conventional analysis) because any change in
the bulk solution will hardly affect the sensor response.
The progress of integrated optical structures, has allowed the fabrication
of miniaturized sensing devices with high sensitivity, fast response time and real-time
monitoring capabilities [14]. Moreover, integrated optics allows a great flexibility in the
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selections of materials and structures, as well as the fabrication of arrays of sensors with
similar characteristics within the same chip for multiplexed analysis. Among the better
performing optical biosensor devices reported so far in the scientific literature, we find
the interferometric biosensors with sensitivities between 1× 10−7 and 1× 10−8 [17], ring
resonators with sensitivities between 1× 10−6 and 1× 10−7 [18] and biosensors based
on photonic crystal with sensitivities between 1× 10−3 and 1× 10−4 RIU [19]. The most
commonly used materials in integrated optical devices are Si, Si3N4, SiON, SiO2 [20] or
polymers [21, 22], and techniques such as ion diffusion in glass, chemical vapor deposition,
spin-coating, nanoimprinting, electron-beam lithography, etc. are commonly employed
for the fabrication. By replacing the standard silicon or III-V technology with polymers,
additional advantages can be conferred to photonic biosensors, such as fabrication flexibility,
reliability, low power consumption and potential for mass production with consequent
reduction of production costs. The III-V technology compounds or lithium niobate, often
used in optical telecommunications, have shown less suitability for integrated optical
biosensors as they are more complex and expensive and offer less sensitivity [23].
Integrated optical sensors like grating-couplers, interferometers, photonic crys-
tals, microring resonators, slot waveguides or silicon wires have been extensively studied
in recent years [14, 18, 24–27], but so far only a few of them are commercially avail-
able. Ring-resonator sensors are being increasingly used due to their high sensitivity
and their potential to be produced in highly dense arrays for multiplexed analysis. LOD
of 7.6× 10−7 refractive index unit (RIU) in bulk and in the order of a few pg/mm2 in
mass surface density have been demonstrated [28,29]. More recent innovations include
slot waveguide-based structures and silicon wire-based ones [30,31], which excel in their
enhanced sensitivity due to the confinement of the electromagnetic field and for their
high integration capabilities in compact dense arrays of individual sensors with versatile
geometries. In contrast, most of them still require expensive components (e.g. tunable
lasers) and operate in the far-infrared range.
Among the integrated optical sensors, the interferometric ones are the most
attractive for biosensing due to their high sensitivity and broad dynamic range [32–
35]. Mach-Zehnder Interferometers (MZI), Young Interferometers (YI) and Hartman
interferometers(HI) are the usual configurations employed for sensing, with LOD in the
order of 1× 10−7 RIU in bulk and lower than 0.1 pg/mm2 in surface [17]. Regarding
multiplexing, in [36] a four-channel integrated Young interferometer is developed enabling
direct independent signals measurements. More the authors recently, in [30] reported on a
multiplexed MZI based on silicon-on-insulator (SOI) photonic wire waveguides [32,36].
In 2011 a new type of interferometric biosensor based on the modal interaction
between the fundamental mode and the first order mode of the light, the so called Bimodal
waveguide interferometer (BiMW) [17,23,37] was presented. This interferometric biosensor,
fabricated in silicon related technologies and operating at the visible range, showed bulk
24
sensitivities around 1× 10−7− 1× 10−8 RIU, ensuring a compact device of high sensitivity,
which was very beneficial for the sake of integration on lab-on-chip platforms [23].
As previously mentioned, polymer-based devices have been the focus of research
recently, because these components will require simple and cheap manufacturing processes,
making them commercially viable and for a single use, guaranteeing surfaces without
contamination during the execution of the biosensing process. However, the low refractive
index of polymeric materials is its major disadvantage, which is critical for the performance
of an optical biosensor.
Some works reported recently based on polymeric technology have shown the im-
plementation of additional processes during the manufacture step, such as implementation
of nano-porous core [38], deposition of nano-film surfaces with high index of refraction [22],
suspended structures in pedestals [39], among others, with the aim of improving the index
contrast between the core (based on polymer materials) and the external environment to
increase the sensitivity of the projected devices.
The previously described processes will improve the optical deficiencies that
polymer devices have when compared to devices based on silicon technology, however the
negative point is that those additional process will increase the fabrication costs, tarnishing
one of the great attractions of using polymer materials for integrated optics and especially
for optical biosensors.
According to what has been said, this doctoral work aims to demonstrate
numerically and experimentally the performance of high sensitive photonics transducer
based on polymer technology for sensing applications without the need for complex
fabrication steps.
1.3 Aim of the thesis
On account of scalable fabrication and relevant sensitivities for biomolecular
sensing, chip-integrated waveguide structures are promising detection elements for biosensor
applications. In this document, a polymer-based technology platform is proposed and
verified. Our motivation is to propose an innovative, low-cost, efficient and reliable
technological platform that can be transferred to the industry and that can facilitate the
integration of cutting edge optics in easy-to-use biochip formats.
As previously stated, by replacing the standard silicon or III-V technologies
with polymers, additional advantages can be conferred to the photonic biosensors, such
as fabrication flexibility, reliability, low power consumption and the potential for mass
production with a consequent reduction of production costs. These polymeric photonic
biosensors are the core of so-called photonic lab-on-a-chip (PhLOC), aimed towards solving
existing limitations for achieving low–cost mass production devices for point-of-care (POC)
diagnosis.
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Even though the aim of the PhLOC is to integrate all the required elements
—photonic and non-photonic— in a stand-alone system, there has been no demonstration
that this configuration can achieve the claimed high sensitivity in a label-free measurement.
In this scenario, the most conventional photonic configuration is based on the light-analyte
interaction by ways of the evanescent field (EF), which, in most waveguides, carries less
than 2% of the total confined energy. Thus, centimeter-range interaction lengths are
required to provide a clear signal to noise ratio above 12 dB [17,30]. An additional issue is
that inhomogeneity in the waveguide dimensions of less than 1% generates variations in
the behavior of light inside of the photonic device, affecting the resulting signal. These
drawbacks could hamper photonic biosensors in becoming a commercial product.
Sensitivity is a complex parameter that depends on geometry, material and
working wavelength of the waveguide, as well as other aspects such as the chemical
activation of the surface, the biofunctionalization method and the resolution and noise
of the optical readout system. Each one of these aspects must be properly designed and
optimized for delivering a functional biosensor device and this will be one of the most
important objectives of this project. The polymer sensors this thesis aims to propose should
be sensitive enough to allow the detection of very low concentrations (nano-molar/pico-
molar) of the analyte to be tested while being implemented in an easy-prototyping, low-cost
platform.
This project proposes a new type of integrated optical device based on modal
interaction for biodetection, and additionally presents the process of hydrophilization of
the polymer surface, its biofunctionalization and biodetection through specific bioreceptor.
To achieve this purpose, the following objectives have been pursued:
• Design and numerical demonstration of a new type of optical transducer based on
high order modal interaction.
• Novel fabrication approach of optical devices based on H-Line photolithography with
Direct Laser Writer (DLW)
• Characterization of optical devices fabricated with the technique described above
with applications in biosensing as well as telecommunications.
• Hidrofilization and biofunctionalization of polymer surface, and biodetection on the
treated surface.
1.4 Thesis organization
In Chapter 2, using the concept of the Bimodal Waveguide (BiMW) sensor
as starting point, we proposed and numerically demonstrated a new and highly sensitive
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Trimodal Interferometric waveguide (TriMW) biosensor to be implemented in polymer
technology.
Our contribution is based mainly on the necessity to have highly sensitive and
low-cost devices, that we can be fabricated with disposables materials and, at the same
time, to provide quick and reliable answer to diagnosis.
The advantage of the proposed trimodal device for sensing applications is
two-fold: first, the second order mode shows a greater depth of evanescent wave than
the first order mode, resulting in higher sensitivity; second, by employing a channel type
waveguide instead of a rib one, the single mode to multimode transition will occur in
width instead of height, increasing the interaction region between the evanescent field of
the waveguide and the sensitive area.
Additionally, a comparison between the trimodal interferometer and the bimodal
one with the same structural characteristics is presented.
In Chapter 3, we describe in detail the developed manufacturing process
for fabrication of optical devices in polymer technology through DLW technique in the
visible spectrum with H-Line photolithography. To achieve this type of fabrication, it was
necessary to implement four different processes:
• Firstly, an epoxy with a high refractive index was chosen for the fabrication of
our devices. To guarantee single-mode propagation, thicknesses of several hundred
nanometers were required, so it was necessary to dilute the viscosity of the available
polymer.
• Considering low-cost fabrication process, an H-Line DLW technique was implemented
at 405 nm wavelength. Knowing that the absorption peak for polymerization of
our epoxy is in the ultra-violet spectrum, it was necessary to modify the maximum
absorption peak to the visible spectrum by making a chemical modification of our
polymer with a photoinitiator.
• The characterization of the polymerization dose using the DWL system.
• The optical characterization of the fabricated structures, reaching devices with an
excellent performance.
In Chapter 4, The fabrication and characterization of the trimodal inter-
ferometer is presented and described. All devices were fabricated with the previously
described technology and their application are oriented to telecommunications and optical
biosensors. These devices were characterized and their performances were experimentally
demonstrated. Additionally, the performance of trimodal interferometers described in
chapter 2 are demonstrated as well, confirming their usefulness for applications in optical
biosensing.
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In Chapter 5 the biofuncionalization process for polymeric surfaces is devel-
oped. Chemical protocols are described and implemented to properly immobilize the
bioreceptor layer on the surface. We explore the covalent strategy by the use of linkers
between the polymer surface and the biomolecules. Finally, we demonstrate the covalent
attachment of the bioreceptor molecules to the sensor area by the analysis of the real-time
detection.
Finally, in Chapter 6 we present the mains conclusions of this thesis along
with prospects of future works branching from our results.
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Chapter 2
Trimodal interferometer design for
biosensing applications
In 2011, a new type of evanescent wave-based optical biosensor called bimodal
waveguide biosensor (BiMW) was proposed and demonstrated [17,23, 41]. The interaction
between the fundamental mode (reference mode) and the first-order mode (sensor mode)
in a single channel optical waveguide generates an interferometric signal at the output as
result of external variations in the sensor area of the device, reaching bulk sensitivities
around 1× 10−7 RIU, ensuring a highly sensitive compact device [23].
Based on the concept of bimodal sensors, in this chapter the new highly sensitive
polymer-based single channel interferometer is proposed and numerically demonstrated,
which provides the modal interaction between the fundamental mode (reference mode)
and the second order mode (sensor mode) without the interference of the first order
mode. This device is called trimodal waveguide biosensor (TriMW). The choice of polymer
materials is based on the fact that its fabrication is simpler and possibly cheaper than
silicon technology process, providing the ideal conditions to carry out mass-production of
optical biosensors in resource-constrained settings [21, 22].
The proposed device has two characteristics to be exalted: first, the second
order mode has a longer evanescent wave than the first order mode, which provides greater
interaction with external elements in the sensing area, in addition, the greater transversal
section in the multimodal region will guarantee stronger confinement of the fundamental
mode, providing higher difference between interacting modes, translating it into sensitivities
between 10× 10−6 and 10× 10−7 RIU, which are high values for devices entirely based
on polymer technology; second, because the both single and multimode regions share
the same thickness, a single lithography step is sufficient to define the complete device,
simplifying its fabrication.
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2.1 Trimodal interaction: theory of integrated opti-
cal TriMW biosensor
As can be seen in Fig. 2.1, our structure is divided in three sections: both
extremities are single-mode and constitute the input and output waveguides of our
multimodal interferometer (MMI), while the central one is the interferometric section,
which supports either three TE or TM modes, as shown in Fig. 2.1(a). All sections have
the same core thickness, such that the multi-mode characteristic at the center is due to a
larger width of the waveguide. In addition, from Fig. 2.1(b) we can observe two important
design regions, the transition from single-mode to multimode waveguide operation and its
opposite, which are the entrance and exit coupling regions.
Figure 2.1: Multimode interferometric biosensor scheme. (a) Three-dimensional view of
the multimode interferometer and its sensing area. (b) Side view of the waveguide coupling
region. (c) Top view showing the region where high-order modes are excited and interact
with the bioactive region.
Knowing the structural distribution previously described, we can say that
our device allows the interaction between the fundamental mode and the second order
mode, decreasing almost to zero through modal symmetry (see at Fig. 2.2) the percentage
contribution of the first order mode coupled from the single-mode waveguide to the
multimodal interferometer in the coupling regions described in Fig. 2.1(b) .
In order to understand the details of light propagation within a TriMW as
a biosensor, it is necessary to determine the characteristics of the propagating electro-
magnetic fields in a waveguide structure. These characteristics will be described through the
Maxwell equations applying the required boundary conditions according to our necesities.
Taking as starting point the condition for total internal reflection described in [42], it is
possible to highlight in a general way the distribution of refractive index in our structure,
as can be seen in Fig. 2.3.
To explain in a simplified way the modal behavior of the device described here,
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Figure 2.2: Modal profile distribution.
Figure 2.3: Refractive index profile of theoretical waveguide.
we have taken as an example the slab waveguide. Due to the refractive index changes in
the cladding, it is possible to say that the material inhomogeneity can be reduced to the x
direction, ni = ni(x), and the structure is assumed to be invariant and spatially infinite
along the y and z directions. Assuming that the propagation occurs along the z direction,








E = 0, (2.1)
where ni can take three different values, n1 for core section, n2 for substrate section and
n3 for cladding section. In addition, we have at the previous equation the wavenumber
k0 = 2piλ , with λ the free-space wavelength and the propagation constant β. This equation
can be written analogously for the magnetic field H.
In Fig. 2.4 its is possible to appreciate a slab waveguide which is composed
of a high refractive index material in the core n1, sandwiched between media with lower
refractive indexes n2 and n3. For TE modes we have Ex = Ez = 0 because only the
perpendicular component of the electric field will exist. In the same way, for TM modes
we have Ey = 0 because the remaining components Ex and Ez are related to the Hy 6= 0
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Hy(x) = 0 for TM modes. (2.3)
Figure 2.4: Slab waveguide scheme. (a) Electric and magnetic field for TE mode. (b) Same
as (a) but for TM mode case.
The propagation constant β is related to effective refractive index neff through
the following expression:
β = k0neff . (2.4)
Knowing that the propagating modes along the z direction can be described
in terms of neff , the condition for the propagation constant for a guided mode given by
k0n2 < β < k0n1 can be expressed in terms of neff as: n2 < neff < n1.
The Helmholtz equation in (2.2) for TE mode can be expressed in terms of the




3Ey = 0, x ≥ 0 (Cladding), (2.5)
d2Ey
dx2 + σ




2Ey = 0, x ≤ −d (Substrate), (2.7)
Ey =

Ae−α3x, x ≥ 0,
Beiσx + Ce−iσx, −d < x < 0,
Deα2x, x ≤ −d,
(2.8)
where d is the thickness of the guiding layer, σ is the transversal propagation constant










1 − β2 (2.10)
α2 =
√
β2 − k20n22 (2.11)
The constants A, B, C, D and β from (2.8) are obtained by imposing the
continuity of the tangential fields Ey and Hz at the interfaces at x = 0 and x = −d.
Following a similar procedure for the TM mode, we obtain for both:























for TM polarization, and p1 = p2 = 1 for TE polarization.












































eα2(x+d), x ≤ −d
(2.14)
The main difference between TE and TM modes is the discontinuity at the









x = 0 and x = −d. For high sensitivity it is necessary to have a high penetration depth.







n2eff − n2i . (2.15)
By increasing the penetration depth, the attenuation decreases, which means
an increase in the evanescent field and hence in the sensitivity. To ensure a high sensitivity
in modal interferometers, it is necessary to guarantee high confinement of the fundamental
mode and simultaneously allow a long evanescent tail on the high order modes. In this way,
neff of the high order mode will present larger variation to external phenomena than the
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neff variation of the fundamental mode. The optimum performance of the interferometric
device will depend directly on the interaction of the desired modes.
Knowing the principle of operation of the proposed devices, in the following
subsections we will explain and evaluate the performance of the modal interferometers
through the mode coupling description, the sensitivity in bulk and the surface sensitivity
with a simulated biolayer.
2.1.1 Mode coupling description
As previously described, the proposed interferometric device is composed by
three well-defined regions, two single mode sections, used mainly for in-coupling and
out-coupling the light and the multimodal section, which is the interacting area between
the propagated modes within the designed structure. The region interconnecting the single
mode waveguides and the multimodal section will be called junction area.
The junction area is of great importance in the design of the desired single
channel multimodal interferometer, because it defines the percentage of energy to be
distributed between the desired modes into the multimodal section. This distribution
will depend on the offset of the single-mode waveguide with respect to the multimodal
waveguide and the dimensions of transversal sections of both of them.
It is desired to maximize up to 50% the percentage of energy coupled into the
higher order mode to be excited in the multimode waveguide, and to evaluate our goal
we have used the conventional field overlap integrals. The single mode waveguides on the
input and output have the same dimensions and offsets, for this reason we can consider
that the analysis performed on one junction is valid for the other one as well.
Firstly, the unconjugated orthogonality relation between guided modes m and





~en × ~hm · dsˆ = 0, (2.16)
where S is the waveguide cross-section.
The percentage of energy coupled from the single mode ( ~E, ~H) to the modes
that we want to interfere in the multimode waveguide section (~en, ~hn), were calculated




cn~en + radiation modes. (2.17)






~E × ~hn · dsˆ∫∫
S ~en × ~hn · dsˆ
. (2.18)
In addition, the sum of the modal contribution coupled from the multimodal
interferometer to the single mode waveguide at the output was calculated. The modal
contribution is the result of the interaction between the involved propagation constants in











S ~en × ~H · dsˆ∫∫
S
~E × ~H · dsˆ . (2.20)
If the modes are properly normalized, |c′|2 is the power in the output waveguide
composed by the percentage contribution of each one of the interacting modes of the
multimodal interferometer.
Because changes in the sensing area affect each propagation constant βn differ-
ently, these changes will provoke interference fringes in the output power |c′|2 that can be
measured and directly related to those changes. This is the basic working principle of the
device.
2.1.2 Bulk sensitivity description
The bulk sensitivity in interferometric devices as our case, refers to the phase
variation induced in 2.20 by changes in the refractive index of the cladding region. This
change can be directly related to the variation of the difference between the effective
refractive index of the reference mode and the sensor mode as function of the variation of
the refractive index on the sensor area of the device (the outer cladding of our structure).





∆neff = neff,i − neff,0, (2.22)
where nclad is the cladding refractive index and ∆neff is the difference between the effective
refractive indexes of the high order mode in question and the fundamental one. The index
i represents the high-order mode that we want to interfere; in our case it takes the values
1 (for a bimodal waveguide) or 2 (for a trimodal waveguide).
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The sensitivity of the device due to the variation of the effective index difference
directly affects the phase difference between the two modes at the end of the interferometric










where λ is the vacuum wavelength at the operating frequency, and Sbulk is the bulk
sensitivity of our device.
2.1.3 Surface sensitivity description
When biochemical reactions generated by the interaction between the biolayer
and the target analyte take place on the biofunctionalized surface of a photonic transducer,
it is possible to appreciate variations in the effective refractive index of the propagating
modes of our device. That is because of the strong interaction between the evanescent
wave of the propagating mode and the biochemical events that occur on the waveguide
core, which can be visualized in the signal at the output of the optical transducer.
In order to use the interferometric device as a biosensor, it is necessary to
previously functionalize the sensor surface with affinity bioreceptors that will capture
the specific analyte [14]. However, the visualization of changes on the biofunctionalized
surface will dependent on the thickness of the generated biolayer. Owing to the evanescent
profile of the guided modes in the sensing area of the device, this sensitivity should reach
a maximum value asymptotically as the biolayer thickness increases.
Taking into account the above, the intrinsic surface sensitivity, as the bulk
one, is defined by the variation of the difference of the effective refractive indexes of the
modes interacting within the multimodal interferometer, but, in this case, as function of





where b is the thickness of the biolayer, as illustrated in Fig. 2.5.







To the necessary conditions to obtain a high sensitivity device described before,
we add the total length of interaction, which is directly proportional to the sensitivity as
can be seen in (2.24) and (2.26). In order to fabricate and implement an optical biosensor
36
Figure 2.5: Slab waveguide scheme with bio-film diagram.
based on polymer technology, an optimized design will be required contemplating the
described parameters.
2.2 Trimodal interferometer biosensor design
Based on modal analysis, it is well known that the higher the modal order, the
greater the energy percentage in the evanescent field. Therefore we propose the use of a
higher order mode to increase the sensitivity of the interferometric device. To verify our
hypothesis numerically, we compared the performance of BiMW and TriMW biosensors,
taking into account the same structural characteristics, i.e., materials (core, cladding and
substrate), dimensions of the single mode section, length of interaction and thickness
throughout the device; the only difference being the width of the designed devices, because
they need to support different numbers of propagating modes. In addition, our results will
be compared with simulations and experimental results obtained by the highly sensitive
BiMW interferometer based on silicon technology [17]. The coupling coefficient, bulk
sensitivity and surface sensitivity of the previously mentioned devices will be analyzed.
The coupling coefficient is the parameter that will to determine the fringe
visibility at the output of the designed multimodal interferometer, i.e., the more balanced
the energy percentage distribution coupled through the step junction in each one of the
interacting modes, the higher the power swing due to their interference at the output.
However, the high coupling coefficient in the higher order mode at the multimodal section
is strongly dependent on the waveguide dimensions, which in turn depend on the materials
used in core and cladding. These characteristics as a whole, will define the good performance
of the designed device as an optical biosensor.
To simulate our structures, we used the polymer photoresist maP–1205 at the
core in channel type configuration waveguide, operating at 633 nm wavelength over silicon
dioxide (SiO2) substrate and water (sensing area – 1.33 refractive index) or PDMS (other
regions – 1.49 refractive index) cladding. The refractive indexes of core and substrate at
the described working wavelength are, 1.644 and 1.457 respectively [20].
The use of maP–1205 in early simulations and SU-8 latter for device fabrication
was due to a change in the availability of both materials along the development of this
37
work. Nevertheless, the main conclusion draw from the maP–1205 simulations are valid for
SU-8. We also design devices to be fabricated using Si3N4 core, which is another possibility
to be explored in the future.
Early studies were carried out analyzing the bulk sensitivity according to
the height and width of the device for the transverse electric (TE) and magnetic (TM)
polarizations, it was possible to observe that the maximum sensitivity that can be reached
propagating at TM propagation mode was 15% lower than in the TE mode, as presented
in Fig. 2.6.
Figure 2.6: Sensitivity diagram as function of width and height variation in polymer-based
technology for (a) TE mode and (b) TM mode polarization.
This difference in sensitivity evidenced in the Fig. 2.6 between the TE and TM
propagation modes is based on the fact that we are implementing our modal sensor in
channel type waveguides, and even though the penetration of the higher order propagation
mode is higher at the TM polarization mode, the penetration of the fundamental mode in
this same polarization is very similar, therefore the difference between them is small with
respect to variations in the outside environment, reducing considerably the sensitivity of
the device, i.e., there is not a well-defined reference mode, contrary to what happens in
the TE polarization.
For the complete design, first, the cutoff curves for our biosensor were calculated
by varying the dimensions of the structure. With this information it was possible to define
the width and the required height to obtain the propagation of the numbers of desired
modes within the designed structure. However, the minimum dimensions were defined
taking into account the viscosity of the selected photoresist and the resolution limits of
the conventional photolithography process available in the literature to date, i.e., 100 nm
thickness after spin coating and 400 nm linewidth respectively.
We simulated devices where we varied the thickness of the guiding layer between
100 nm and 500 nm and, for each thickness, we performed the calculation of modal curves
and mode coupling varying the linewidth of the core in our channel waveguide from
500 nm up to 2µm. In Fig. 2.7(a) we can observe the calculated cutoff curves for our
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interferometric device in the sensor area. Assuming a fabrication error close to 20 nm, we
guarantee the propagation of the numbers of desired modes in each region, as shown by
Fig. 2.7(b). The closest to the cut-off width of the high order mode, the more sensitive the
device should become, due to its longer evanescent tail, as also demonstrated by Fig. 2.6.
Figure 2.7: Modal curves for a waveguide of 500 nm thickness and water cladding. (a) Re-
fractive index variation as function of width variation. (b) Cut-off relation between width
and height in the polymer waveguide.
Depending on the position of the single mode waveguide with respect to the
center of the multi-mode interferometer, each mode will be excited with a different efficiency,
as shown in Fig. 2.8. In addition, the coupling coefficient will also depend on the difference
in Effective Area (Aeff) between the single-mode and multimode regions, included in (2.18)
and (2.20). Both parameters are directly related to the fringe visibility and impact in the
final sensitivity when we take into account the photodetector and its noise floor.
Figure 2.8: Coupling coefficient as function of offset excitation.
We studied the coupling coefficient as function of the variation of the refractive
index on the sensing area. We analyzed for the BiMW and TriMW interferometers the
percentage of energy coupled in the first and second order mode, respectively, and the
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energy coupled in the fundamental mode for both cases, illustrated in Fig 2.9. The
position of the single mode waveguide as function of the multimodal structure in the step
junction region, for both interferometers was fixed in the position in which the higher
order propagation mode achieve its highest percentage of the energy coupled, as can be
seen at Fig. 2.8. With this result it was possible to conclude that the trimodal device
presented two notable advantages in comparison with the bimodal one.
Figure 2.9: Coupling coefficient study as function of the refractive index variation on
sensing area. (a) Percentage of energy coupled in the fundamental mode of the BiMW
interferometer. (b) Same as (a) but the energy was coupled in the first order mode.
(c) Same as (a) but in the TriMW interferometer. (d) Percentage of energy coupled in the
second order mode of the TriMW interferometer.
Firstly, it was observed that the variation of the percentage of energy coupled
in the fundamental mode of the trimodal device decreases twice faster than the bimodal
one when the refractive index on the sensing area increases. On the other hand, it is
possible to observe that the coupling coefficient in the bimodal interferometer behaves
like a parabola with the variation of the refractive index on the sensing area, whereas the
trimodal interferometer maintains a constant increase during the analyzed range. The
advantages mentioned above reflect that the refractive index variation on the sensing area
is beneficial for the trimodal interferometer, because with its increase, the percentage
of energy coupled in the higher order propagation mode increases as well, providing the
necessary conditions to obtain a lower LOD when the system noise level is taken into
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account. In Fig. 2.10(a) and Fig. 2.10(b), the same behavior of the coupling coefficient,
i.e., decreasing in the fundamental mode and growing in the second order mode can be
observed with the increase of the lateral dimensions of the designed device.
Figure 2.10: Percentage of energy coupled to (a) the fundamental mode, and to (b) the
second order mode. Both as function of the variation of the width dimension of the
projected waveguide.
In Fig. 2.11 we show the coupling coefficients and sensitivity of the bimodal
and trimodal devices with a specific 500 nm height for TE propagation mode.
At this stage we chose the dimensions that give the highest sensitivity, since
both cases show coupling coefficients above 10 %, which seems to be acceptable in terms
of detectable signal [17].
It is important to highlight the fact that in the case of bimodal devices, we have
an extra design parameter, that is the offset between the single-mode and the multimode
regions. This offset can be adjusted to achieve coupling coefficients as close as possible to
50% (for maximal fringe visibility). In the case of trimodal interferometers, the waveguides
that compose each of the regions of the device as a whole must be aligned (zero offset)
to ensure that the first-order mode is not exited due to modal symmetry. Thus the only
parameter we can freely use to equalize the coupling is the width of the single-mode region.
According to our analysis, the optimal dimensions for the bimodal and trimodal devices
are summarized in Table 2.1.
Table 2.1: Selected dimensions for each proposed device in nanometers.
Dimensions Pol. BiMW Pol. TriMW Si3N4 BiMW Si3N4 TriMW
Core thickness (nm) 500 500 150 150
Single-mode width (nm) 610 610 400 400
Multimode width (nm) 820 1350 680 1000
Offset (nm) 110 0 140 0
The bimodal and trimodal structures previously described and detailed in
Fig. 2.12, were implemented in our simulator to calculate the bulk and surface sensitivity
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Figure 2.11: Variation of the coupling coefficient and sensitivity as function of the
multimode waveguide width. (a) Bimodal case with single-mode waveguide width 610 nm.
(b) Trimodal case with single-mode waveguide width 610 nm.
as function of the variation of the refractive index on the sensing area and of the thickness
of the patterned biolayer respectively. The results obtained were compared with those
presented in [17]. Being the results presented by Zinoviev [17] our reference, in Fig. 2.13
we compare the performance of the biosensor presented by Zinoviev with our results fairly,
where the total interaction length (Multimode section) is the same for all elements included
in the comparison, i.e., 15 mm.
Figure 2.12: Structural division of proposed biosensors.
We can clearly observe that for both analyses the trimodal device outperforms
the bimodal one in both material platforms. This is an expected result, because the
trimodal device has two advantages that will enhance its performance as a biosensor: the
trimodal devices has a larger cross-section area, which guarantees a greater confinement of
the fundamental mode, and the implementation of the second-order mode as sensor mode
provides our device with greater sensitivity, because the higher order modes have a longer
penetration depth in the external sensing environment. Therefore we have the perfect
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scenario: longer evanescent tail of the higher order modes, stronger interaction with the
sensing environment, and strong confinement of the fundamental mode.
Figure 2.13: Comparison between the proposed and current state-of-the-art devices for
the (a) bulk and (b) surface sensitivities.
To calculate the bulk sensitivity in the designed structures, we varied the
refractive index in the sensing area from 1.33 (water refractive index) to 1.46, to visualize
clearly the behavior of the sensors in a wide evaluation range. We can observe that by
increasing the cover refractive index, the sensitivity increases; this is due to the fact that
when the index contrast of the core to the cladding is lower, a higher fraction of the mode
energy propagates in the cladding. This effect is more visible for polymer waveguides,
as presented by Fig. 2.13(a), since they have a lower index contrast by design. In a real
biosensing process, the variations of the refractive index on the sensor surface is very low,
this is a consequence of low concentrations of analytes in the samples analyzed. Taking into
acount the above, we will focus on the analysis of the results obtained in Fig. 2.13(a) when
the refractive index on the cover is 1.33 (index of refraction conventionally used as buffer
running). It is possible to verify that the maximum sensitivity reached by the bimodal
and trimodal devices in polymer channel waveguides was 18 % and 7 % less than the one
demonstrated by the silicon nitride based, rib type bimodal sensor [17]. Nonetheless, with
a Si3N4 channel waveguide we obtain 4% and 25% more sensitivity for the bimodal and
trimodal cases, respectively. In terms of bulk sensitivity the contrast remains lower than a
Si3N4 structure, but the advantage of using a higher order mode leads to comparable or
better results depending on the refractive index of the bulk matrix.
The surface sensitivity was calculated modeling a biolayer with refractive index
1.45 (standard value for a protein monolayer), whose thickness was varied from 2 nm to
1µm. It is important to note the difference between the curves in Fig. 2.13(b): particularly
around 10 nm thickness the trimodal polymer device has almost twice the sensitivity of
the bimodal polymer design. As expected, both curves reach a similar peak and decay
once most of the energy of the evanescent tail is inside the biolayer. The numerical studies
were performed in Comsol Multiphysics. The exact material parameters employed can be
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found in the appendix A, as well as the simulation settings.
According to the results presented in Fig. 2.13(b), we evaluated the performance
of the biosensors when the biolayer has a thickness of 10 nm. It is possible to observe a
notable difference between the results obtained by the bimodal and trimodal biosensor
based on polymer and silicon nitride technology. The surface sensitivity achieved by the
TriMW biosensor designed with polymer and silicon nitride at the core was 54% and 74%
greater than corresponding BiMW sensor, respectively.
Although the Si3N4 waveguide is, as expected, more sensitive, an important
issue comes up: the nanometric device dimensions make it less attractive as a commercial
product. Since they can only be fabricated with state-of-the-art lithography, they turn out
to be economically less atractive. Nevertheless, the use of a lower refractive index material
allows us to find a compromise between the fabrication costs and a good sensitivity for
the biosensor design.
Finally, we show the interferometric plot of the device output calculated using
(2.20) in Fig. 2.14, showing the coupling coefficient at the output of the devices with
the respective modal contribution to the interferometric signal at the output, previously
studied. For the early analysis described in the Fig. 2.8, we shown in Fig. 2.14(a) the
incidence of deliberately induced offset in the simulation system, simulating variations in
a real manufacturing process. In Fig. 2.14(b) we study the effect of losses to the output of
our multimodal interferometer sensor.
Figure 2.14: Effects of misalignment and losses in the biosensors. (a) Effects of offset error
in the coupling coefficients. (a) Trimodal transfer function |d|2 for TE polarization under
offset error. (b) Effects of losses in the transfer function for TE polarization.
Considering a misalignment of 10 nm, we see variations for the bimodal and
trimodal interferometers of 0.21% and 10%, respectively, in the resulting signals at the
output. These variations lead, in turn, to changes in the inteferometric fringes of the
devices and, ultimately to a possible loss of sensitivity. The stronger offsets dependence of
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the bimodal sensor grounded in previous studies presented in Fig. 2.8, where the effects
of misalignment in the transmission function are very evident in the bimodal sensor but
not in the trimodal sensor, this is because the trimodal offset is on stable region of zero
offset and the bimodal one is not. These results are shown in the Fig. 2.14(a). In addition,
This plot shows the interferometric fringes of the bimodal and trimodal designs when the
cladding index varies slightly and under the effect of the offset error. We can see a 3%
loss in fringe visibility, which means that the proposed device presents good tolerance to
fabrication imperfections.
The material proposed for this work has an extinction coefficient below 2× 10−2
[46]. On this basis and in order to test the effect of losses on our device, in Fig. 2.14(b) we
illustrate the device response in three different scenarios: the first one lossless, the second
with only the influence of the material losses and the third one considering both material
and an estimation of scattering of losses. Scattering losses were estimated at 1 dB/cm
for the fundamental mode, and, knowing that higher order modes usually present higher
losses, 1.25 dB/cm and 1.74 dB/cm for the first and second order modes respectively (i.e.,
20% and 67% higher than the fundamental). We can see that material losses are minimal
and do not affect the any of the devices. Scattering losses have a more significant impact:
they decrease the fringe visibility for the TriMW in about 20%. Nevertheless, these levels
are still far better than the results for the BiMW and should not represent a limitation for
the practical realization of the biosensor.
According to [17,23], the Limit of Detection (LOD) of a device is related to the
visibility, noise floor, and sensitivity. Using the interferometric output signal in Fig. 2.14
and assuming an RMS noise of 0.04 [17], we predict that the LOD of our polymer device
in bulk will be around 7.34× 10−7 RIU. This sensitivity is very similar to that obtained
in [17,23,41].
2.3 Conclusions
The results presented in this chapter clearly demonstrate that the use of a
higher order mode in the design of a polymer interferometric device leads to an overall
sensitivity improvement, as should be expected from the waveguide dispersion curves.
Nevertheless, a compromise exists between a cheaper device fabricated with polymer
material of lower index versus the more sensitive device fabricated in Si3N4.
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Chapter 3
H-line direct laser writing
fabrication in SU-8
Polymer materials have been extensively employed for multiple types of appli-
cations in integrated photonics, for example, electro-optical [47,48] and opto-mechanical
components [49], have been used to study nonlinear optical effects in this type of de-
vices [50,51]. However, the implementation of photonics components based on polymer
technology as an optical biosensors has become the core of the concept of photonics lab on
a chip (PhLOC) [52], aimed towards solving existing limitations in achieving economically
viable devices for point-of-care diagnosis [23, 53].
Integrated polymer-based photonic devices offer additional advantages such
as fabrication flexibility, low power consumption and potential for mass production over
silicon and III-V materials components [14,54–57]. For instance, electrical, thermal, optical
and mechanical properties, can be modified or adapted very easily to meet particular
requirements in a case-by-case basis as the past decades of material science evolution has
demonstrated.
In contrast to the previously mentioned benefits, the low tolerance to high
temperatures is presented as a notable disadvantage of polymer-based devices, which can
be critical because the high intensity of energy inside the micro- or nanometric device
increases exponentially with the reduction of the dimensions that compose the transverse
section of the photonic components.
Currently, there are many types of optically transparent polymers used for the
fabrication of photonic structures. As was previously mentioned, the polymer that we
used as a reference for the theoretical and numerical studies in the previous chapter was
the maP-1205 photoresist, because of its high refractive index among the commercially
available polymers, and its high transmittance, greater than 95% after the polymerization
process. Nevertheless, it was not possible to develop the manufacturing process described
in this section with the maP-1205 photoresist due to unavailability of the material. Under
these circumstances, we resorted to the implementation of the epoxy SU-8, which is a
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widely used polymer for microfluidics and photonic components owing to its mechanical
stability, high aspect ratio, low cost, and well established fabrication process. Micro-
electro-mechanical devices have been developed in SU-8 for decades [58–60], and more
recently, optical devices followed [61–63]. I-line (365 nm) is the recommended exposure
wavelength, although great results have also been demonstrated with electron beams and
X-rays.
Some works have been directed to improve the mechanical and thermal charac-
teristics of the SU-8, however, it is worth highlighting a particular work, which presents an
increase in the degradation temperature of the material up to 400 ◦C [64]. This improve-
ment was obtained by mixing the conventional SU-8 with the photoinitiator H-nu 470,
which allows a material conventionally sintetized in UV photolithography to be polymer-
ized with a laser in the visible spectrum. In addition, the optical properties of the SU-8
photoresist is not affected by the presence of the H-nu 470 photoinitiator after baking
process, thus ensuring an excellent performance as an integrated photonics component for
applications in the visible, near–infrared and infrared spectrum [54,65–68].
In this section the fabrication method of SU-8 photoresist with H-line lithog-
raphy (405 nm wavelength) and the characterization of the fabricated low-loss optical
waveguides is presented. In order to achieve the manufacture of SU-8 based devices
with H-line photolithography, it was necessary to mix the available photoresist with the
photoinitiator H-nu 470, providing the displacement of the maximum polymerization
absorption peak of the material from UV (365 nm wavelength) up to the visible spectrum
(470 nm wavelength). In addition a thin film characterization was performed by X-ray
photoelectron spectroscopy (XPS) and atomic force microscopy (AFM), and single- and
multimode waveguides propagation losses were measured at 633 nm wavelength.
3.1 Prior test evaluation
Our aim is to fabricate, with H-line photolithography, integrated photonic
devices based on polymer technology. Knowing the refractive index of the material in
the core section (SU-8), it is possible to know that sub-micron dimensions are required
for single mode operation components. Thus we first reduced the viscosity of the SU-8
to obtain layers between 500 nm and 2.0µm upon spin coating a SiO2 substrate [65,69].
We diluted 9.33 mL of SU-8 2100 (75% solid) in 40.66 mL of cyclopentanone to obtain a
solution with 14% solid of SU-8. The details of density and mass into our mixture can
be observed in Table 3.1. Applying V 1S1 = V 2S2 where V 1 and V 2 are the initial and
final volume respectively and S1 and S2 are the initial and final solid concentration of
SU-8 respectively, it is possible to calculate the desirable solid concentration into our final
solution.
In the same way we diluted the SU-8 2100 (75% solid) to obtain 20% and 25%
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Table 3.1: SU-8 mixing with cyclopentanone solution
Product Volume (mL) Mass (g) Density (g/mL)
SU-8 (75% solid) 9.33 11.54 1.237
Cyclopentanone 40.66 38.62 0.950
solid concentrations. The mixtures were stirred for 24 hours to ensure uniform coverage
of the substrate latter on. Spin calibration curves for our dilutions are presented in
Fig. 3.1, which shows that we are able to reach the desired thickness for optical waveguide
fabrication.
Figure 3.1: Bulk modified SU-8 characterization. (a) Spin coating calibration curves for 4
different solid concentrations after dilution of the epoxy in cyclopentanone. (b) Detailed
thickness curve for SU-8 14% and 20% solid concentration.
Several types of manufacture platforms to fabricate the proposed devices were
evaluated as can be seen in appendix B. However, because of easy of use, accessibility and
low implementation cost, we decided to develop our entire process of production using the
technique of direct laser writer.
The available fabrication equipment to manufacture our devices is the Heidel-
berg Direct Writer Laser (DWL 66fs), which is a direct writing apparatus, composed by
a 405 nm working wavelength laser; an acousto-optic modulator which can to establish
32 different positions of the light beam; an acousto-optic deflector which generates a fast
laser scan with approximated speed of 40 kHz, guaranteeing a perpendicular position of
the light beam over the substrate, and focusing lens. Currently, there are available three
types of lenses with different focal lengths (2 mm, 4 mm and 10 mm), which are selected
based on the maximal resolution required by the device layout (GDSII or DXF file). The
main writing parameters are focus and energy dose. The focus varies between 1 mm up
to 4 mm and the energy dose between 0 and 100% taking into account that 100% of the
power refers to 720 mJ/cm2.
As mentioned in the introductory subsection of this chapter, the conventional
absorption wavelength of the SU-8 is 365 nm. Because the absorption of SU-8 by H-
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line photolitography is extremely weak, we proceeded to make an optimization of our
manufacturing process applying high doses of energy on surface.
Firstly, 100% of the laser energy was applied sweeping the focus of the lens to
determine the required parameters to obtain better finish quality in the fabricated devices.
However, this result was insufficient because none of the designed structures stayed on the
surface after the exposition procedure with 720 mJ/cm2 at 405 nm wavelength.
Taking into account the previous experience, it was possible to observe that by
increasing the number of exposure cycles on the same wafer without changing its position,
it would be possible to pattern structures in the visible spectrum beam. Thus, we execute
a manufacturing protocol based on spiral structures, curves and straight blocks of different
sizes. As a result it was possible to observe that from four exposition cycles, it is possible
to see the fabricated structures on the substrate, as shown in Fig 3.2.
Figure 3.2: Fabricated multiform structures with four exposition cycles.
Multicolor items can be seen in Fig 3.2, whose range of colors refers to the
reached thickness by the fabricated structures, i.e., the thicknesses of the structures are not
homogeneous, because the manufacturing doses (energy applied and the focus) supplied to
each segment was not enough in either case. For this reason it was not possible to reach
the maximum thickness of the implemented photoresist, in this case 2µm.
Finally, we fabricated straight lines with variable linewidth between 600 nm
and 1 µm, and thickness of 2 µm for seven writing cycles. The focus was varied between
2 mm and 3 mm and the laser energy between 80% and 100% in the DWL. The results
obtained can be seen in Fig. 3.3.
To evidence the successes and problems encountered during the development of
this manufacturing process, we detail two cases. In the first case, we applied a dose with a
focus of 2 mm focal distance and 100% of laser energy, and it was possible to appreciate
on the substrate, after polymerization process, the fabricated straight lines with linewidth
greater than 900 nm, i.e., structures with smaller linewidths did not adhere on surface
or were not written at all. Additionally, the greatest thickness reached was 420 nm with
linewidth of 100 µm, knowing that the spin coated total thickness was 2µm thick.
In the second case, we applied a dose with a focus of 2.4 mm focal distance and
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Figure 3.3: Straight lines fabricated with seven manufacturing cycles with variable linewidth
from 600 nm up to 100µm.
100% of laser energy, and was possible to observe perfectly defined walls, however when
analyzing the line of 100µm width, the total thickness reached was 520 nm thick. On the
other hand, the reached thickness in structures with 600 nm and 700 nm linewidth was
190 nm and 225 nm respectively.
In addition to the previously described disadvantages, an additional impediment
related to the manufacturing process is added. 42 hours without interruption were required
to perform the seven fabrication cycles described, which translates into R$ 8,400.00, taking
into account that the price per hour using the equipment is R$ 200.00. This is economically
unfeasible.
All these setbacks forced us to seek an efficient and economically viable solution.
3.2 Viscosity and surface roughness characterization
As we said in the introductory section, some groups have recently implemented a
mixture of polymeric materials with the photoinitiator H-nu, which provides a displacement
of the polymerization wavelength of the polymeric materials towards the visible spectrum.
Additionally, other general features are added implementing it, such as optimization of
the light used for polymerization, increase of the adhesion of the polymerized structure on
the substrate, among others [64].
To guarantee polymerization of SU-8 at visible range we employed the H-
nu 470 photoinitiator, which is a commercial photoinitiator with a broad absorbance range
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between 350 nm and 530 nm with (λmax = 470 nm) 1, shown in Fig. 3.4. In addition, this
photoinitiator is soluble in cyclopentanone or gamma-butyrolactone; for our specific case
the solvent in our photoresist is cyclopentanone.
Figure 3.4: Photoinitiator absorption peak for H-nu 470, H-nu 535 and H-nu 635.
The H-Nu 470 requires two additional components for optimum performance,
the OPPI Iodonium salt to enable curing in epoxide resins and the accelerator AN-910E
which can greatly enhance cure speed and sensitivity. The 14% solid SU-8 received the
photoinitiator H-nu 470, the cationic cure accelerator AN-910E, and the OPPI photoacid
generator to form concentrations of 0.1%, 0.1%, and 2.5% in weight respectively, and
was then stirred for 48 hours. Taking into account the mass and density in our mixture
presented in Table 3.1, it was possible to calculate accurately the amounts used detailed
in Table 3.2 of each component in the mixture.
This modification aims to change the absorption peak of the photoresist from
365 nm to 470 nm, allowing a material conventionally used in UV photolithography to be
polymerized with laser in the visible spectrum, through H-Line polymerization.
Table 3.2: Components of the modified SU-8 mixture for H-line lithography.
SU-8 (75% solid) 9.33 mL
Cyclopentanone 40.66 mL
H-nu 470 54 mg
AN-910E 54 mg
OPPI 137 mg
It is very important to remark that we are not taking into account the cy-
clopentanone volume into SU-8 75% solid, which represents a difference at the final density
of 0.066 g/mL more. The total mass and the total density calculated were 50.16 g and
1.003 g/mL respectively. Applying the density correction into our mixture, the total
density and the total mass obtained were 1.07 g/mL and 53.5 g respectively. The complete
description of the used recipes can be seen in appendix C.
1Datasheet at Spectra group. From: http://www.sglinc.com/
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The SU-8 with and without the addition of the photoinitiator both showed great
uniformity under visual inspection after spin coating step. Roughness characterization was
performed on the polymerized surface using the AFM technique, obtaining 0.44 nm±0.05 nm
for the original resist and 0.20 nm± 0.05 nm for the modified version. The scanning was
performed on an area of 4.0µm2 as can be seen in Fig. 3.5(a) and 3.5(b).
Figure 3.5: SU-8 surface characterization. (a)Surface roughness of the original SU-8 layer
(14% solid) obtained by AFM. (b) Surface roughness of the SU-8 layer with the addition of
the photoinitiator.
The chemical composition of each sample were measured by XPS and are
displayed in Fig. 3.6(a) and 3.6(b).
Figure 3.6: SU-8 surface composition. (a) Original SU-8 layer obtained by XPS. (b) SU-8
layer with the addition of the photoinitiator.
The spectroscopy results indicate only a small concentration of antimony Sb3d5
(2.45%) in the modified mixture that is not present in the original SU-8, which is known to
increase the mechanical hardness and improve the thermal properties of the material [70],
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allowing greater stability and consequently a better transmission performance. The other
3 prominent energy peaks are similar in both curves, with a slight increase in oxygen O
and fluorine F counts (accompanied by a decrease in carbon C counts) in the modified
mixture when compared to the original one.
3.3 H-line photolithography
As previously stated, the implemented equipment to fabricate our photonics
components based on SU-8 photoresist was the DWL system, using the DLW technique,
because it allows rapid prototyping and development cycle of nanometer-scale structures [71,
72], guaranteeing at the same time the possibility of mass-production at lower costs and
scalability to larger substrates.
The sample preparation illustrated in Fig. 3.7 and described in appendix C,
followed the usual SU-8 processing: the silicon dioxide substrate is cleaned in piranha
bath or with organic cleaning followed by oxygen plasma treatment to remove residues of
impurities on the surface of the substrate, then the substrate was dehydrated on a 200 ◦C
hot plate for 20 minutes. After mixing the SU-8 with the photoinitiator as described in
appendix C, the modified photoresist was spin coated, soft-baked at 65 ◦C for 1 minute,
and then ramped up to 95 ◦C for a 3-minutes pre-bake.
Figure 3.7: Fabrication steps for the polymerizations of the modified SU-8 with 405 nm
DLW.
The polymerization process was performed with 2.0 mm head lens and 720 mJ/cm2
maximal dose on substrate at 405 nm wavelength for exposure. After exposition process the
photoresist was subjected to a post-exposure bake starting at 65 ◦C for 1 minute, ramped
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up to 95 ◦C and held for another minute. The fabricated structures were then developed
in SU-8 Developer by submersion and stirring for 60 seconds and, finally, hard-baked for
5 minutes on a 150 ◦C hot plate.
An optimization of the required dose was carried out, with the purpose of
defining the most suitable parameters for manufacturing nanometric structures with small
error in the fabrication. In this sense, three different filters (5%, 15%, and 30%) and
linewidths (600 nm, 10µm, and 100 µm) were characterize in the polymerization process
of the modified SU-8. In Figs. 3.8(a)–3.8(c), is possible to appreciate that the required
dose for polymerization of the full thickness of the photoresist layer is quite high. This is
an expected result. Nevertheless, with both the 5% and 15% transmission filter, complete
exposure is attainable for all linewidths with laser energy above 70%.
Figure 3.8: Characterization of polymerization dose. (a) DLW dose calibration for
600 nm, 10 µm and 100 µm linewidth structures with a 5% transmission filter. (b) Same
dose calibration as (a) but with a 15% transmission filter, i.e., overall 10% higher dose.
(c) Same as (a) but with a 30% transmission filter (25% higher dose) (d) Scanning Electron
Microscope (SEM) images of the fabricated structures at different scales.
By inspecting Figs. 3.8(a)–3.8(c), we can also see that the exposure is not
impacted by the linewidth of the structure, specially with the 30% filter (see Fig. 3.9),
which indicates that the process is robust enough to allow the fabrication of structures
with dimensions of different orders of magnitude in a single step.
As a result of the optimization previously described, we have multiform struc-
tures detailed in Fig. 3.8(d), which were fabricated using a 30% filter and 2 mm focal lens,
reaching a geometrical tolerance measured for the 600 nm linewidth of 8%.
The sidewalls roughness in nanometric photonic devices is a very important
parameter, because it directly affects the diffractive loss of the fabricated devices. For
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Figure 3.9: H-Line photolithography with linewidth variation using 30% transmission filter.
(a) SEM image of the fabricated structures. (b) Thickness measurement of fabricated
structures.
that reason, we measure it through an AFM scan in the patterned structures, obtaining
5.60 nm ± 0.02 nm of variation. With this result it is possible to conclude that in spite
of the addition of the photoinitiator, the quality of the devices was not affected, which
represents an improvement compared to reported results [73], because the implementation
of fabrication with direct writing reduces the roughness on the device sidewalls when
compared to conventional photolithography process.
Finally we present one last interesting feature of the devices obtained through
the previously described manufacturing process, which is the possibility to control the
thickness of the final devices through the modulation of laser energy almost linearly, as can
be seen in Fig. 3.8(a) show for the 5% filter. The use of varying core thickness for optical
confinement has been show to provide an excellent platform for the fabrication of gray
scale photonic devices [74–77], i.e., devices that present multiple levels of core thickness or
even a continuum of thickness variation across the device fabricated in a single exposure
step. This technique is usually employed in the fabrication of large diffraction lenses, but
with the length scales achieved in our experiments, it could be used in the future to enable
multimode polymeric devices for optical interconnects and biosensors [17, 78].
3.4 Optical characterization
The absorbance and transmittance of the SU-8 with and without the addition
of the photoinitiator was characterized over a wide range of wavelengths; the results are
displayed in Fig. 3.10(a) and Fig. 3.10(b).
As result of the mixture between the photoresist and the mentioned photoinitia-
tor, it is possible to appreciate a small increase in the measured absorbance in the modified
SU-8 photoresist film, after polymerization process. This is because the absorption of the
modified photoresist is greater, because the absorption by the particles that compose the
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photoinitiator, increasing consequently the loss in transmission, but still providing a more
than adequate platform for optical applications beyond 400 nm.
Below the 400 nm wavelengths, the modified photoresist presents an accentuated
absorbance due to the presence of the H-nu 470 photoinitiator, indicating that the material
still absorbs even after the post-bake and the hard bake process. Finally, having as purpose
to fabricate well-confined waveguides on SiO2, we measured the refractive index of the
related material 1.59 at 600 nm wavelength.
Figure 3.10: Optical characterization of the SU-8 with and without addition of the
photoinitiator. (a) Absorbance and (b) transmittance curves show that the addition does
not significantly impact the optical properties of the material for wavelengths beyond
400 nm.
The patterned devices (optical waveguides), were manufactured over a 2.0 µm
thick SiO2 layer using the direct laser writing technique and leaving air-cladding for this
particular case. Optical waveguides designed for single-mode propagation were fabricated
with 600 nm core thickness and width with lengths of 5.0 mm, 10.0 mm, and 20.0 mm for
transmission loss measurements.
The fabricated single- and multi-mode waveguides are illustrated in the scanning
electron microscope images, presented in Fig. 3.11(a) and Fig. 3.11(b). In addition, the
optical characterization setup is shown in Fig. 3.12(a).
Two objective lenses with 0.65 and 0.40 of numerical apertures for in-coupling
and out-coupling of the light in the waveguides, and a HeNe laser source with 633 nm
working wavelength, electric field polarized parallel to the substrate (preferential direction
for the quasi-TE mode in conventional rectangular waveguides), were implemented.
The data measured were linearly fitted and with this information it was
possible to obtain the propagation losses in the manufactured devices, as can be seen in
Fig. 3.12(b). For the single-mode waveguides, the measured propagation loss was of only
4.38± 0.55 dB/cm, which is an excellent value for applications where fabrications costs
are more critical than ultra-low loss devices. Similarly, multimode waveguides with core
width of 1.7 µm were also fabricated on the same 600 nm thick SU-8 layer and with the
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Figure 3.11: Scanning electron microscope images of a few air-clad waveguides on a SiO2
layer.
same length variations. Their optical measurements are also presented in Fig. 3.12(b),
where the linear fit to the data resulted in a propagation loss of 6.40± 0.3 dB/cm. Single-
and multi-mode waveguide insertion losses were measured, achieving lower values than
previously reported [79], demonstrating an excellent performance by fabricated devices
with this novel technique.
Figure 3.12: Characterization of optical waveguides fabricated on SU-8 with the H-nu 470
photoinitiator. (a) Insertion loss measurement setup with objectives for in-coupling and
out-coupling the light of the waveguides at 633 nm wavelength. (b) Propagation loss
calculation based on a linear fit of the measured loss for waveguides of different lengths.
3.5 Conclusion
This section described the fabrication process of polymeric nanostructures with
H-line photolithography and the characterization of low-loss photonics devices based on
SU-8 technology.
A novel manufacturing method is presented through which a mixture is made
from the SU-8 photoresist and the photoinitiator H-nu 470, providing the optimal conditions
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for the maximum absorption peak of a polymer usually cured in the UV to be displaced
down to visible spectrum.
Additionally parameters such as surface roughness and absorbance, which are
very low in components manufactured with the conventional SU-8, remain almost equal,
with discrepancy lower than 3%.
Patterning via DLW allowed us to reproducibly obtain sub-micron structures
including single-mode waveguides for the 633 nm visible wavelength. Propagation losses
on those were measured at 4.38 dB/cm, which enables the use of this material in optical




Fabrication and Characterization of
polymer-based integrated trimodal
sensor
In the previous chapter, it was possible to demonstrate a new method of
manufacturing photonic devices with SU-8 by direct writing in the visible spectrum. Due
to its favorable optical parameters, SU-8 is a material widely used to fabricate devices
such as waveguides, gratings, bragg filters and reflectors, photonic bang gap structures,
light sources on chip, pressure sensors, systems of optofluidics, among others [80–84].
The mass production of integrated photonic devices at low cost is one of the great
challenges nowadays. Focusing on the above, we have addressed this problem, proposing a
technological platform that allowed the reduction of production costs and, at the same time,
improved the thermo-mechanical properties of the implemented materials [85]. In addition,
the measured propagation loss in a fabricated single mode waveguide was 0.57 dB/cm
and 4.38 dB/cm at 1550 nm and 633 nm wavelengths respectively, whereas the measured
sidewall roughness of the fabricated structures was 5.6 ± 0.02 nm [85].
The excellent performance demonstrated by the devices manufactured with
the technique proposed in this thesis has served as inspiration to design and fabricate
multiple types of photonics devices such as the trimodal sensors detailed in chapter
2 and optical diplexers described in appendix D. The purpose of this chapter is to
demonstrate experimentally the performance of optical devices based on DLW fabrication
technique described in the previous chapter, comparing simulation results and experimental
measurements for applications in optical sensor devices.
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4.1 Design of TriMW interferometer
In this section, we present the implementation of the concept demonstrated in
chapter 2. Here the design, fabrication and characterization of an optical sensor based on
high order modal interference are carried out. In order to fulfill our purpose, a trimodal
interferometer was designed with two single mode waveguides (input/output) connected
to the trimodal section through discontinuous junction, as can be seen at Fig. 4.1. The
input and output of the device will be cleaved to allow the coupling of the light through
cleaved optical fiber. Based on the results presented in the previous section, only the
TE polarization mode is considered, because the achieved simulation results for the two
polarizations show a negligible difference for the channel configuration of the presented
multimodal sensor.
Figure 4.1: Trimodal waveguide diagram.
Two sets of parameters are indispensable for designing a TriMW sensor: cross-
sectional dimensions (width and height) and the step junction condition. The design
of our device, will be limited by the fabrication conditions and avalability of materials.
The fabrication process, materials and refractive indexes used to designs the desired
structures can be seen in Fig. 4.2. As previously stated, the light will be coupled in a
single mode waveguide, which will allow the coupling of the propagating mode to the
multimodal section, being distributed in percentage between the fundamental mode and
the second order mode, while avoiding the coupling to the first order mode [78]. After
fixing the height of our waveguides in 600 nm, the effective refractive index as function of
the width variation of the device was evaluated, to define the required dimensions that
ensure the number of modes that will be propagated in each section of the proposed modal
interferometer. The selected width in the single mode sections was 1.7µm, because of
the low radiation and therefore the strong confinement of the light in spite of its small
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dimensions. For the multimode section, in order to guarantee that the designed structure
supports three modes,the widths must be larger than 10 µm. The cutoff curves used to
define the dimensions previously described can be appreciate in the Fig. 4.3.
Figure 4.2: (a) Fabrication process described step by setp. (b) Materials used for the
numerical analysis and its corresponding refractive index @1550 nm.
Figure 4.3: Cutoff curves for channel waveguides with 600 nm height and variable width.
In order to guarantee the proper behavior of the modal interferometer as an
optical sensor, it is required that the modal percentage excited in the fundamental mode
and the second order mode, be as similar as possible, providing a balance between the
effective area of the fundamental mode, the effective area of the second order mode and
the difference between the effective refractive indexes of the interacting modes inner the
trimodal interferometer. The effective area can be defined as [86]: area 6= energy.
Aeff =
∣∣∣∫ [β|et|2 + i (et.5tez)]dA∣∣∣2∫ ∣∣∣[β|et|2 + i (et.5tez)]∣∣∣2dA. (4.1)
Defining the height of our device at 600 nm, we can rely on the cutoff curves
presented in Fig. 4.3 to establish the single mode and the multimodal section width of
the interferometer. To ensure single mode propagation, the device must have at least
widths between 1.5 µm and 7µm. On the other hand, to ensure that the trimodal section
supports three modes, the device must be between 10µm and 14.5µm in width.
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Being Aeff(TE00SM ) and Aeff(TE00TriM ) the effective area of the fundamental
mode in the single mode section and in the trimodal section respectively, and ∆Aeff(TE00)
is the difference between them, we can say that the higher the ∆Aeff(TE00) , the greater
percentage of energy will be coupled to the desired higher order mode according to the
excitation position of the single mode section as function of the multimodal section, as
illustrated in Fig. 2.1. This is the condition to define the single mode an multimode
section width. As can be seen in Fig. 4.4, the effective area of the single mode section was
numerically calculated by varying the width in the range that guarantees its single mode
propagation.
Figure 4.4: Effective area analysis of channel optical waveguide with 600 nm height and (1)
2.5 µm, (2) 3.5µm and (3) 6 µm width in a single mode section of modal interferometer.
The 2.5µm, 3.5 µm and 6µm widths were pointed out in the Fig. 4.4. As can
be observed, the smallest effective area, 9.26µm2, is achieved in a single mode section with
3.5 µm width. This is because devices with small transversal area have a weak confinement
of the electric field, long evanescent field and consequently extensive effective area. On the
other hand, larger structures will provide strong confinement of the electric field reducing
its evanescent field, but by increasing the core size the effective area of the device also
grows.
To complete this analysis, a numerical calculation was performed by analyzing
the coupling coefficient in the high order mode, varying the dimensions of the single mode
and trimodal sections aiming to increase the efficiency of the device, according to (2.18).
As can be seen in Fig. 4.5(a) and in accordance to the previous analysis, we calculated
the percentage of coupling as function of the multimodal section width, noting that the
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coupling percentage reached with a single mode section of 3.5µm width is 50.8% greater
than that achieved when it is 2.5 µm wide, for example at 10.5 µm multimode section
width.
Figure 4.5: Analysis of the percentage of energy coupled in the second order mode as
function of the width variation in a (a) single mode section and in the (b) multimode
section.
On the other hand, it is well known that the closer the dimensions of an optical
waveguide to the cutoff point, the greater the evanescent field. Therefore, knowing that
the cutoff point for the propagating second order mode in the multimodal section is close
to 10 µm, we evaluated in Fig. 4.5(b) the coupling coefficient at 10.5µm and 11.5 µm
width, being excited with a single mode waveguide of 3.5 µm width. The result obtained
is favorable for the device with 11.5µm width, however, the calculated sensitivity in the
device as function of refractive index variation on the cladding is 20.6% less than that
obtained when the width of the device is 10.5µm.
4.2 Fabrication and characterization of TriMW sen-
sor
Sample preparation, manufacturing process and recipe implemented is the same
as described in the chapter 3. Based on the previously described study, we fabricated a
chip with 18 waveguides divided into three blocks, each block having 5 interferometric
devices with cross section of 600 nm in height and variable width between 10µm and 12 µm
with a 0.5 µm pitch. In addition, each block has a single mode device as reference. Each
group of six devices has as different width in the single mode regions: 2.5 µm, 3 µm and
3.5 µm, as illustrated in Fig. 4.6(e). The measured fabrication error obtained was 22.8 nm
and the fabricated devices can be seen in the SEM images of Figs. 4.6(a)–4.6(c).
In order to verify the performance of our modal interferometer, four different
widths were tested in the modal interaction section: 10 µm, 10.5 µm, 11µm and 11.5µm.
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Figure 4.6: Fabrication and characterization of trimodal interferometer devices. (a), (b)
and (c) shows the SEM image of trimodal device, highlighting the single– and multimode
area and the step junction section. (d) and (e) show the setup of measurements and
distribution of the trimodal interferometers on chip.
To facilitate measurement, the input and output of the device was designed with an offset
of 3 mm in order to avoid the coupling of the light traveling through the SiO2 substrate or
through the PMMA cladding, ensuring that the detected light at the output comes solely
from the photonic device on chip.
With a single mode cross section of 600 nm in height and variable width for
each region of the interferometer, insertion loss was measured at a wavelength range of
100 nm, from 1460 nm to 1560 nm, for all previously described devices.
In the results presented in Fig. 4.7, three scenarios must be taken into account.
In the first scenario in Fig. 4.7(a), high confinement of the fundamental mode, and high
depth of the evanescent field for the second order mode is presented, however against this
favorable situation, we have 79% of energy coupled to the fundamental mode and only
2.7% to the second order mode. The extensive evanescent field of the second order mode
is a product of its proximity to the TE02 mode cutoff, found in Fig. 4.3.
The second scenario present high confinement for both fundamental and second
order mode, i.e., the evanescent energy in the sensor mode (TE02) is practically equal to
the one in the reference mode (TE00), inducing low sensitivity to changes generated by
external disturbances, which means that we will get a very weak interferometric signal. In
addition, we obtain a coupling of 75% and 16% in the fundamental and second order mode
respectively, shown at Fig. 4.7(c), and 73% and 18.5% in the fundamental and second
order mode respectively presented in Fig. 4.7(d).
The low percentage of energy coupled in the second order mode, shown in
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Fig. 4.7(a), and the short evanescent wave (less than 400 nm depth) of the second order
mode because of strong confinement, presented in Fig. 4.7(c) and Fig. 4.7(d), show
undesirable fluctuations in the interferometric signal, which can be clearly perceived.
Finally, we present the third scenario in Fig. 4.7(b), which shows a balance
between the two scenarios previously described. The TriMW devices with 10.5µm width
and 600 nm height have a strong confinement of the fundamental mode, an evanescent field
of more than 2 µm of extension outside of the waveguide core and allows that the 77% and
the 13% of the energy transferred to the multimodal section be coupled to its fundamental
and corresponding second order mode respectively, providing optimal conditions that
guarantee a clearly defined interferometric signal, where the desired modal interaction is
demonstrated. Contrary to the previous scenarios, the described undesired fluctuations
are not present in Fig. 4.7(b): a clean interferometric signal is displayed along the entire
analyzed spectrum, which would guarantee an excellent performance as a sensing device,
because it is condenses high percentage of coupling in the second order mode and great
variation in ∆ng, where ∆ng is the difference between the group indexes ng of the high
order mode (TE02) and the fundamental one (TE00), presented in Fig. 4.8(a).
Figure 4.7: Interferometric signal resulting from the modal interaction within a trimodal
interferometer with 3.5µm width in the single mode section. The multimode area varies
as follow: (a) 10 µm, (b) 10.5µm, (c) 11µm and (d) 11.5 µm.
Another two important parameters to consider are, the visibility of the inter-
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ferometric signal resulting from the modal interaction, and the Free Spectral Range (FSR),
which refers to the wavelength distance between two successive maximum or minimum
intensities reflected or transmitted from an interferometer or a diffractive optical ele-
ment [87–90]. To evaluate visibility and FSR, we performed a comparative study between
two trimodal interferometers, both with a multimodal section of 10.5 µm width and with
a single mode section of 2.5 µm and 3.5µm width. In Fig. 4.8(b), it can be seen that the
signal of the device with a single mode width of 3.5µm has a more uniform interferometric
signal.
Figure 4.8: (a) Comparison of the group index variation of the propagating second order
mode and the fundamental mode inner trimodal device. (b) Interferometric signal at the
output of a trimodal interferometer with single mode section of 2.5µm width and 3.5 µm
width.
Evaluating in detail the fabricated interferometers with multimode section at
10.5µm width, it is possible to observe in Fig. 4.9 the results of the FSR and the visibility
measured. The FSR and visibility measured in the device with single mode sections of
2.5 µm were 0.6 nm and 2 nm greater than those measured with the device with single
mode sections of 3.5µm.
Figure 4.9: (a) FSR and (b) visibility analysis for a trimodal interferometer with single
mode section of 2.5µm and 3.5µm width.
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The sensitivity of an interferometer, depends on the visibility of the signal and






Although in Fig. 4.9 the device with 2.5 µm width in the single mode section
presents greater visibility and FSR, the interferometric signal for the 2.5µm width device
presented in Fig. 4.8(b), has a final contribution of the sensor mode (second order mode)
below to 1%, which translates into low influence in the propagation light into the presented
device by external perturbations, i.e., it will not be useful as a sensor device.
Temperature sensing was performed by controlling the temperature on the chip
with a peltier and an infrared thermometer, from 22 ◦C to 27 ◦C. The signals obtained with
the temperature change can be seen in Fig. 4.10(a). When the temperature increases, the
fringe power increases too, decreasing the FSR. The sensitivity obtained was 0.0586 dB/◦C,
which is a sensitivity twice as high as that presented in compact and low loss fiber sensor,
based on single multimode microfiber with Fresnel reflection [91], published recently. The
great advantage of our interferometric sensor is the implementation of a device that can be
further optimized and additionally is on a chip of only 20× 10 mm in polymer technology,
i.e., low-cost technology, perfect to be implemented in LOC.
Figure 4.10: Sensitivity analysis. (a) Temperature variation signal. (b) Fringe power
measured for different temperatures.
4.3 Conclusion
Considering the extensive evanescent field possessed by high order modes, we
have designed, fabricated, characterized and demonstrated a single-channel high order
modal interferometer that is compact and based in polymer technology for low cost sensing
applications. Effects such as the coupling coefficient, FSR and visibility were studied
67
experimentally. Finally, temperature variation was studied and the obtained results
was compared with results in the literature, observing a very good sensitivity and great
potential to be implemented as an ultra-compact and low-cost biosensor device.
In the following chapter, a developed procedure to biofunctionalize the polymeric
surface that served as the raw material for manufacturing the devices presented in this
section will be demonstrated. Although we did not present the integration of the proposed
trimodal sensor with the developed biofunctionalization process, we demonstrate the high




of polymeric surface based on
modified SU-8
The first step in the biosensing process is the creation of a bioreceptor layer
on the transducer surface, which will allow the specific binding of the desired molecule
present in the blood and extracellular fluids. The body fluids have around 90% of water,
being the transport vehicle for hydrophilic proteins [92–94]. In the antigen-antibody
relationship, for example, an antigen can be imobilised on the transducer surface so that,
when the respective antibody is present in the sample under analysis, complex as it might
be, itself alone will bind to the transducer surface and excite the sensor response. This
biomechanism ensures the specificity of the analysis and the sensitivity of the transducer
guarantees that the smallest concentrations of the detected molecule are enough to enable
detection (usually in the picomolar range for integrted biosensors). [95, 96].
Taking into account the mechanism above, we can say that hydrophobic surface,
i.e. a surface which repels water, will be a bad substrate for adsorption of water-soluble
components. In addition, its well known that SU-8 surface is hydrophobic. For this reason,
differents methods have been implemented to hydrophilize the surface of this material,
mainly when it is implemented in microfluidic systems. One of the most widely used
procedures for hydrophilization of SU-8 surfaces has been the exposure to argon and oxygen
plasma [97–101].
Published papers related to SU-8 surface treatment with argon and oxygen
plasmas, showed the following: first, after argon plasma treatment, the SU-8 surface
presented a contact angle of 30° and lower stability when compared to oxygen plasma
treatment, showing a small reduction in contact angle. The argon plasma treatment can be
considered an alternative to hydrolysis of the SU-8 surface [98]. On the other hand, oxygen
plasma treatment presented contact angle arround 10° after 8 minutes of processing. After
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five days the samples treated by oxygen plasma presented some variation in contact angle,
but the surfaces were still hydrophilic, with contact angle lower than 20° [97,99]. However,
the exposure of nanometer thick surfaces or nanometric devices to this type of plasma
in vacuum endangers the integrity of the exposed surface, because it can be seriously
damaged [97,102–107].
Nowadays, some types of biofunctionalization processes in photonic devices
based on polymer technology have been presented in the literature, however, in most cases
the modification is performed on gold nanoparticles deposited onto the polymer surface.
The entire biofunctionalization process is then performed on the metal, avoiding the direct
interaction of the analytes with the biofunctionalized polymer surface, as the case of the
SU-8 photoresist [108–110]. On the other hand, when the biofunctionalization process is
developed directly on the polymer surface, the roughness in the devices increases, affecting
the performance of the manufactured photonic component [93,107].
In this chapter a new biofunctionalization process based on the hydrophilization
of the SU-8 surface through dielectric barrier discharge (DBD) plasma treatment is presented.
In addition, a proof of concept of immunoglobulin type G, and recombinant human prostate
specific antigen (PSA) biodetection is demonstrated in a few-nanometer layer of SU-8
+ H-nu 470 photoinitiator using a surface plasmon resonance (SPR) detection system.
The demonstration of biofunctionalization presented in this chapter and the procedures
previously described provide a complete suitable and low-cost platform for fully optical
polymer devices fabrication with easy surface treatment for implementation in Lab on
Chip (LOC).
5.1 Film fabrication and surface treatment
First, the gold substrate was cleaned in piranha solution (1:3 mixture of 30%
H2O2 and concentrated H2SO4) for approximately 3 minutes, followed by its immersion in
acetone (5 minutes) and then in isopropyl alcohol (5 minutes). Afterward, the substrate
was washed several times with deionized water and dried with N2 flow. The selected
photoresist SU-8 2100 was diluted from 75% solid down to 3% solid with cyclopentanone
and spin coated 10 seconds at 500 rpm and them 30 seconds at 8000 rpm. Fig. 5.1(b),
shows the thickness curve variation as function of spin coating speed.
The sample was prebaked 1 minute at 95 ◦C and exposed using DWL system.
After exposure process, the photo-resist was subjected to the post-exposure bake for
1 minute at 95 ◦C. The polymerized surface was developed by submersion and stirring
for 60 seconds. Finally it was hard baked for 5 minutes on the hot plate at 150 ◦C;
Fig. 5.1(a) graphically display the fabrication process. To guarantee the polymerization
of the sample in the visible spectrum, prior to spin coating and the bake process, the
diluted photoresist was adjusted to weight concentrations of 0.1% H-nu 470 photoinitiator,
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Figure 5.1: (a) Fabrication process description of few nanometers thick layer on gold sub-
strate. (b) Spin-coating characterization for spin speeds between 1000 rpm and 9000 rpm.
0.1% AN-910E cationic cure accelerator, and 2.5% OPPI photoacid generator (4-(octyloxy)
phenylphenyliodium hexafluoroantimonate).
The dilution process of the SU-8 photoresist to obtain 3% solid and its mixture
procedure with H-nu to provide the conditions of being polymerized it in the visible
spectrum are further detailed in appendix E.
5.1.1 DBD Plasma treatment on (SU-8 + photoinitiator) sur-
face
The implementation of the DBD plasma for the hydrophilization of SU-8 surface,
is considered an innovative treatment of the polymeric surface whose greatest advantage
is that the samples are exposed at room temperature and atmosferic pressure for short
periods of time (a few seconds), which provides the conditions to guarantee the integrity
of the exposed structures. Its operation is based on the implementation of helium gas and
high voltages in very short pulses. Because this system does not require specialized rooms
to be operated, it does not limit the size of wafers nor does it need vacuum chambers; the
DBD plasma process is considered a low cost procedure compared to others systems such
as oxygen or argon plasma [97].
The experimental setup used to treat SU-8 samples with the DBD plasma is
shown in Fig. 5.2. The basic operation of the equipment is based on continuous gas
(helium) flow injected inside the Polyvinyl Chloride (PVC) tube, and high-voltage pulses
are applied to the electrode inside the glass tube.
A primary plasma discharge is generated between the glass tube and the PVC
tube as shown in Fig. 5.2, which is expelled through a 10 mm opening, and whose generated
plasma jet is used for the hydrofilization surface treatment.
Other parameters such as the flow rate and temperature of the working gas,
vibrational temperature, power of plasma and duration of plasma, are shown in Table 5.1.
In Fig. 5.2 we can appreciate the design of the system implemented for surface treatment,
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Figure 5.2: Scheme of the DBD plasma, device and setup used for plasma treatment of
SU-8 samples.
where distance between the PVC tube exit and the SU-8 sample was 3 mm and the
dimension of sample was approximately 10 mm2.
Table 5.1: DBD Plasma Operation Parameters.
Flow rate of working gas 3.2 L/min
Temperature of the working gas 375± 25 °K
Vibrational temperature 2800± 50 °K
Power of plasma 80 mW
Duration of plasma 1µs at 60 Hz repetition rate
Knowing the chemical structure of SU-8, we can conclude that after plasma
exposure it is easier to break a C-C bond with binding energy around 284.8 eV on the
surface than a C-O or C-O-C bonds with bonding energies approximately 286 eV. When
bdreaking a C-C connection there is a greater probability of C-H connections occurring, in
fact this is what we can observe in the XPS analysis done after plasma treatment.
To verify the DBD plasma effect onto our sample of SU-8, it was necessary to
perform experiments on the polymer surface by exposing it to different plasma durations,
reporting the contact angle reached and its subsequent deterioration. In Fig. 5.3 it is
possible to appreciate that increasing the exposure time, the contact angle decrease,
improving the interaction of liquids with the treated surface. Maximal angle reduction in
both cases was observed with 8 minutes of sample exposure, driving the angle from 80°
down to 12° for SU-8 as can be observed in Fig. 5.3(a) and Fig. 5.3(c) respectively. On
the other hand for SU-8 + photoinitiator the angle was reduced from 80° down to 5°.
The results for all tested exposures are plotted in Fig. 5.4, where we clearly
see that the contact angle on the surface of SU-8 and (SU-8 + photoinitiator) decreases
around 20° in less than 1 minute of exposure time, 8 times less than under oxygen
plasma. The SU-8 surfaces requires less time of DBD plasma exposure than the SU-8 with
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Figure 5.3: Characterization of contact angles of water drops on SU-8 surface. (a) Without
DBD plasma exposure, measured contact angle 80°. (b) After 15 seconds of plasma
exposure, the contact angle decrease until 26°. (c) After 8 minutes, the contact angle
decreases even more, reaching down to 12°.
photoinitiator to achieve contact angles below 20°, however, the SU-8 + photoinitiator
sample reaches contact angles below 10°, i.e., Super-Hydrophilic Surface are obtained
after two minutes exposure, a situation not found in the case of the SU-8 without the
photoinitiator, Fig. 5.4(a).
In Fig. 5.4(b) the recovery curve for the contact angle as a function of aging
time is presented. For the SU-8 surface case, it is possible to see that the contact angle
recovery is fast in the first 5 minutes but slows down after about 20 minutes. The SU-8 +
photoinitiator surface has slow recovery the first 2 hours, maintaining a reached contact
angle below 10°, but after this time interval, the recovery is faster than SU-8 surface. In
both cases the hydrophilicity remains for the full 72 hours of testing.
Figure 5.4: Comparative characterization of the effect of plasma exposure on the surface
of SU-8 and SU-8 + photoinitiator as function of the time. (a) Measured contact angle for
different exposure intervals of DBD plasma treatment. (b) Recovery curve for the contact
angle after 2 minutes exposure.
The higher hydrophilicity on surface of SU-8 + photoinitiator compared with
SU-8 is because the presence of hydrogen radicals in the H-nu 470 photoinitiator, which
considerably decreases the angle of contact of water drops on surface after plasma treatment.
Detailed information of roughness on SU-8 surface is presented in Table 5.2 from
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the AFM analysis of three samples; before plasma treatment, after 2 minutes treatment,
and after 10 minutes treatment, respectively. In Figs. 5.5(a)–5.5(c) the studies carried out
can be seen.
Table 5.2: RMS surface roughness of the SU-8 + photoinitiator samples.
Treatment time (minutes) Roughness on surface (nm)
0 0.20 nm± 0.05 nm
2 0.40 nm± 0.012 nm
10 1.80 nm± 0.3 nm
Figure 5.5: SU-8 + photoinitiator surface characterization obtained by AFM. (a) Surface
roughness of the SU-8 + photoinitiator layer without DBD plasma exposure. (b) Surface
treated for 2 minutes. (c) Surface treated for 10 minutes.
The small roughness variation as function of plasma exposure time demonstrated
experimentally in this document has not been observed before with Radio Frequency (RF)
plasma treatments [99,100], and, together with the contact angle results, represents an
advantage for the proposed DBD plasma process for hydrophilization of organic surfaces.
Nonetheless, after 10 minutes exposure, irregularities or bubbles appear on the surface
of the SU-8 and SU-8 + photoinitiator samples. These are not as plump as the ones
presented in [99], but they are taller than those. Because only 2 minutes of exposure is
sufficient to hydrophilize the surfaces, this deterioration is of no effect to our application.
Furthermore, the slight increase in roughness after 2 minutes exposure will not compromise
the performance of our surface during the detection process.
5.2 Biodetection of proteins on activated nano-film
of SU-8 + H-nu 470 photoinitiator with SPR de-
tection system
Immediately after plasma exposition, the terminal carboxyl groups on SU-8 sur-
face were activated by the addition of an aqueous solution containing N-(3-Dimethylaminopropyl)-
N-ethylcarbodiimidehydrochloride (EDC) (150 mM/L) and (NHS) N-Hydroxysuccinimide
(100 mM/L) for approximately 15 minutes for the formation of the NHS-ester groups.
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Figure 5.6: Chemical description of biofunctionalization process of SU-8 + photoinitiator
surface. (1) Plasma treatment. (2) Conjugation process. (2.1) EDC adition, creating
O-Acylurea intermediate (unstable). (2.2) NHS adition, creation of reactive amine with
NHS-ester groups. (3) Stable conjugation (Amide bond), consequence of the union with a
primary amine NH2.
EDC is a water soluble Carbodiimide, which activates carboxyl groups to
generate spontaneous reactions with primary amines (NH2), generating neutral bond
amides (NHS) thanks to the conjugation of the amines and carboxyl groups [93,111–114].
The complement with the NHS allows to increase the effectiveness of the reaction stabilizing
active intermediate substances. In addition, the junction of EDC-NHS generates an
intermediate that allows an efficient conjugation to the primary amides in physiological pH.
The proteins NH2 groups allows its strong bond with the activated surface. The complete
biofunctionalization process is described in Fig. 5.6.
One of the most widely used bioreceptor types for specific protein biodetection
in integrated photonics is the affinity bioreceptor, to be more accurate using the antigen–
antibody relationship. Antigen is a molecule foreign to, or toxic to the body i.e., a protein
derived from a bacteria that once inside the body, releases chemical substances that
attracts and binds with high affinity to a specific antibody [93].
The antibody in the blood or other bodily fluids of vertebrates is used by the
immune system to identify and neutralize foreign elements such as bacteria, viruses among
others [93, 112–114]. Each antibody is capable of dealing specifically with a single antigen
because of the variability afforded by the complementarity region of the antibody, as can
be seen in Fig. 5.7.
To evaluate in real time the immobilization of different biomolecules (ex., IgG
and PSA) on active SU-8 on gold (SU-8/Au), measurements were performed using an SPR
detection system [115]. First, the EDC-NHS aqueous solution was prepared. For biological
sample dissolution and buffer running in the SPR analyses, the HBS-EP buffer solution at
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Figure 5.7: Antigen-antibody relationship.
pH 7.4 was prepared using a mixture of 10 mM/L hepes at pH 7.4, 150 mM/L of sodium
chloride (NaCl), 3 mM/L of ethylenediaminetetraacetic acid (EDTA) at pH 8 and 0.005%
tween-20. Deionized water purified and obtained from a Milli-Q system Millipore, was
used for the preparation of the solutions. Typically, the experiments were conducted at
(23± 1 ◦C) in HBS-EP buffer solution at pH 7.4 with a flow rate of 25µL/min. The SPR
measurements were performed using two wavelengths: 670 and 785 nm.
Afterwards, the substrates were washed several times with deionized water and
dried with N2 and immediately attached to the prism of the SPR instruments. Then, the
biomolecules were bonded on the SU-8 film previously activated, as can be seen in the
next subsections.
5.2.1 Polymer-based SPR detection system
A surface plasmon can be described as the collective oscillation of valence
electrons in a solid by incident light. The resonance condition is established when the
frequency of the photons matches the natural frequency of surface electrons oscillating
against the restoring force of positive nuclei [111, 112,115]. In order to guarantee that the
surface plasmon exist the real part of the dielectric constant of the metal must be negative
and its magnitude must be greater than that of the dielectric [12,15]. This condition is
met in the visible wavelength for metal/air and metal/water interfaces.
Taking advantage of the condition described above, we evaluated by numerical
simulations the behavior of an SPR composed by glass, gold, and polymer interfaces, where
the thickness of the latter is varied so that the evanescent wave extends beyond the polymer
layer and through the polymer/air interface, where the biofunctionalization is performed.
This result will give us the conditions to evaluate the process of biofunctionalization that
will be carried out later on the surface of the SU-8 mixed with the photoinitiator.
It was established that the implementation of SU-8 + photoinitiator layer of
only 25 nm of thickness provides a transition environment for the evanescent wave from the
gold layer with 50 nm of thickness through the polymer layer, providing an evanescent wave
with approximately 1.0 µm depth in the external medium. The resonant incident angle for
SPR excitation is 51° for the system composed of four different media: quartz, gold, SU-8
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and air at 670 nm and 785 nm. The obtained result can be seen in the Fig. 5.8(a).
To verify the efficiency of the proposed SPR, we evaluated its operation at
670 nm and 785 nm wavelength, comparing the results obtained through simulations and
measurements for the previously described interfaces. This study allowed us to evaluate
the angle at which the plasmon is excited in our plasmon system, varying the angle of
incidence of the light between 40° and 70°, showing an error below 0.5% for the resonance
angle obtained in both cases for both wavelengths. The only notable difference is the
depth of the reflectance, which is due to the fact that our simulation did not include losses,
which are intrinsic to the measurements made. These results are illustrated at Fig. 5.8(b).
Figure 5.8: Polymer-based surface plasmon resonance. (a) Simulated light behavior in
SPR detection system. (b) Comparison between simulated and experimental resonance in
SU-8-based SPR detection system.
5.2.2 Standard protein Immunoglobulin G (IgG) detection on
actived SU-8 + photoinitiator nano-film
IgG is one of the five kinds of humoral antibodies produced by the organism: IgD,
IgE, IgG, IgA and IgM. It is the predominant immunoglobulin in the internal fluids of the
body, such as blood, cerebrospinal fluid and peritoneal fluid (fluid present in the abdominal
cavity) [12]. This specialized protein is synthesized by the body in response to the invasion
of bacteria, fungi and viruses. The biodetection of this antibody can be performed without
the specific antigen presence, because in its structure it has NH2-terminal chains which
allows direct ligation with the previously biofunctionalized surface.
SPR technique [12, 115], was used to evaluate the efficiency of the SU-8 film
towards the immobilization of different biomolecules for the construction of biosensors, as
a proof the concept.
The Fig. 5.9 below gives evidence to the sensorgramms (∆ΘSPR vs time) obtained
during this step. Three typical regions of the curves for each one of the biomolecules can
be observed.
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Figure 5.9: Immunoglobulin G (IgG) protein detection on SU-8 activated surface. (a) De-
scription of typical behavior of the protein on biofunctionalized SU-8/Au film. (b) Dis-
sociation, section enlargement for 250 µg/ml. (c) Dissociation, section enlargement for
100 µg/ml.
Firstly, in section 1, it is possible to observe the baseline which refers to the
continuous flow of the running buffer of our system, i.e., HBS-EP buffer solution at pH 7.4
on the activated polymer surface (Au/SU-8 + photoinitiator) after the formation of the
NHS-ester groups.
The addition of IgG is represented by region two indicated in Fig. 5.9(a).
Significant change in resonance angle (∆ΘSPR) is observed when the IgG protein is de-
posited on the biofunctionalized surface of our optical sensor. The variation presented in
section 2 will depend on the concentration of the protein in the transport vehicle, in this
case a remarkable difference can be seen for the results obtained between two different
concentrations (100 and 250µg/ml).
This ∆ΘSPR occurs because according to the concentration of protein in the
transport vehicle, upon deposition of the protein on surface of the biodetection device,
variations in the refractive index will be presented, which will consequently generate
changes in the plasmon resonance condition, modifying the minimal reflectance angle as
a function of the biomolecular interaction on the biofunctionalized surface. It is easy
to visualize from Fig. 5.9(a) that the equilibrium is quickly reached in approximately
15 minutes.
Finally, region three illustrates the plasmon response to successive additions
of HBS-EP buffer solution at pH 7.4 for the removal of weakly adsorbed biomolecules
on the SU-8/Au. The dissociation for both cases, i.e., (100 and 250 µg/ml) are detailed
in Fig. 5.9(c) and Fig. 5.9(b) respectively, showing a reduction in ∆ΘSPR of 1.06% for a
concentration of 250µg/ml and 1.01% for a concentration of 100µg/ml, suggesting strong
binding of the biomolecule on the proposed modified SU-8 nano-film.
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5.2.3 Recombinant human prostate specific antigen detection
on actived SU-8 + photoinitiator nano-film
To demonstrate the potential of the material platform described in this docu-
ment for micro and nanodevice and their subsequent implementation as optical biosensors,
we performed a biodetection of a specific antigen. Knowing that cancer markers are impor-
tant systems in the investigation and evaluation of new methodologies used in biosensing,
it is of great interest to know whether low concentrations of a specific antigen can be
detected on our activated polymer surface.
The SPR results in Fig. 5.10(a) evidence the immobilization of the prostate
specific antigen (PSA, 2µg/ml) on the SU-8 film previously activated. These measurements
were performed in a similar manner to the measurements discussed early, and show
the baseline (1), the immobilization of the PSA (2), followed by the washing step (3).
Fig. 5.10(b) and Fig. 5.10(c) evidence the behavior of the curves of the SPR (Reflectance vs.
Θ SPR) as a function of the chemical-biological interaction that occurs in the polymer surface,
generating displacements of the angle of minimal reflectance when there is association or
dissociation of molecules corresponding to the specific antigen and, therefore, the viability
of the proposed platform (SU-8 film) for the biosensor construction.
Figure 5.10: Inmobilization of the Prostate Specific Antigen (PSA). (a) Immobilization
process of specific antigen on activated SU-8/Au nano-film. (b) Plasma behavior as
function of base line (Activated surface), antigen immobilization and dissociation of
weakly adsorbed biomolecules on the activated SU-8/Au surface. The reflectance curves
are presented as function of reflectance angle for each cases described previously. (c)
Extension of section (b).
After the bond of the PSA on the SU-8 film previously actived, the unbound
reactive NHS-ester groups were deactivated by a brief flow of 1 M/L of an ethanolamine
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aqueous solution for approximately 5 minutes to prevent non-specific binding [93,114]. The
excess of unbounded ethanolamine molecules was removed through several additions of
water. After this, the SPR slide sensor was dried with pure N2 flow. Finally, the evaluation
of the antigen-antibody interaction was carried out by the addition of anti-PSA antibody
(1 µg/ml). Fig. 5.11(a) gives evidence to the association and dissociation phases, and the
Fig. 5.11(b) and Fig. 5.11(c) illustrate the SPR curves obtained for each reaction step. It is
possible to observe that the addition of anti-PSA in very low concentration (1 µg/ml) was
accompanied by a significant response, which suggests the high potential of the proposed
material (SU-8 film with photoinitiator H-nu 470) for the biosensing area. Note that the
baseline (1) for Fig. 5.11(a) is the final state (3) of the surface preparation in Fig. 5.10(a).
Figure 5.11: Antigen-antibody interaction. (a) Evaluation of antigen-antibody interaction
on SU-8/Au surface with PSA immobilized. (b) Plasma behavior as function of base line
(Surface with PSA immobilized), anti-PSA antibody association to the PSA immobilized
and dissociation of weakly link biomolecules on the activated SU-8/Au surface. The
reflectance curves are presented as function of reflectance angle for each cases described
previously. (c) Extension of section (b).
5.3 Conclusion
The biofunctionalization process of the SU-8 + photoinitiator surface is pre-
sented and demonstrated through the implementation of the proof of concept of the direct
IgG biodetection process and the sequence of PSA specific antigen immobilization on the
activated polymeric surface and the subsequent anti-PSA association.
Among the studies carried out throughout the chapter, we can exalt the
following results:
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It was possible to dilute the SU-8 75% solid down to 3% solid concentration,
reaching thicknesses of the order of 20 nm, spin coated at 8000 rpm.
A novel hydrophilization process of hydrophobic polymer surfaces based on
dielectric barrier discharge plasma, was demonstrated. Implementing this procedure, it was
possible to reduce the contact angle of the treated hydrophobic surface from 80° down to
5°, obtaining super hydrophilic surfaces after only two minutes of exposure, simultaneously
maintaining the contact angle reached for the first 2 hours after treatment procedure. In
addition, it was possible to guarantee the integrity of the surface reaching roughness after
its treatment time of 0.40± 0.012 nm.
In the IgG biodetection process executed directly on the activated surface,
it was possible to observe a dissociation of only 1% after removal of weakly adsorbed
biomolecules on the SU-8 nanolayer.
By the detection of a specific antibody, it was possible to appreciate clearly the
bio-interaction of very low concentrations of the protein target on the polymeric surface.
Demonstrating that the surface of SU- 8 + H-Nu 470 provides a reliable and stable platform




This work targets a technological breakthrough: the development of ultracom-
pact, biofunctionalized, reliable and low cost polymer devices based on single channel
trimodal interferometer. From the presented work we can conclude the following:
1. Being aware of the low refractive index of polymer materials, a challenge today is
the fabrication of devices based on highly sensitive polymer technology without the
need of additional materials. Thinking about this, a novel evanescent wave biosensor
based on modal interaction between the fundamental mode and the second order
mode was proposed and numerically demonstrated. Bulk and surface sensitivity
studies were performed for bimodal and trimodal structures with the same material
composition, showing that the trimodal device is 10% more sensitive in bulk and 50%
more sensitive in surface than the bimodal device. In addition, the trimodal device
showed a visibility at the output, up to 93% greater than the bimodal one. Our
trimodal device presented a sensitivity only 7% lower than interferometric devices
available in the literature.
2. To test our proposal experimentally, a fabrication process to obtain a low-loss
waveguide in the photo-curable resin SU-8 using direct laser writing at 405 nm
wavelength was demonstrated. Initially, a method to reduce SU-8 viscosity is
described to allow films thickness of a few hundred nanometers, thus guaranteeing
single mode propagation at visible range. This is achieved while also introducing H-nu
470 photoinitiator, providing the displacement of the absorption peak of the material
from 365 nm to 470 nm, thus allowing H-line polymerization and the direct laser
writing at wavelengths 405 nm and above. Key material and structure characteristics
such as absorbance, transmittance, roughness and chemical composition on the surface
were analyzed for booth pure and modified SU-8. We observe lower RMS surface
roughness in the latter one. In spite of the chemical modification of the material,
optical parameters like absorption and refractive index in the wavelength of interest
are not affected. Single– and multimode optical waveguides were demonstrated. The
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sidewall roughness was measured at 5.6 nm, and the propagation losses for the single
mode waveguide was 4.4 dB/cm at 633 nm wavelength, providing a high quality and
low-cost fabrication platform for optical nano-devices.
3. The fabrication with direct laser writing was demonstrated initially in single and
multimode waveguides. As a next step, we implemented this technology for the
manufacture of optical devices with application in telecommunications and optical
biosensing. Optical devices were fabricated and characterized. Highly efficient optical
diplexers with 30 nm bandwidth at 3 dB were demonstrated for the first time in
polymer-based technology. In addition, trimodal interferometers were experimentally
demonstrated. The high-order modal interferometers, based on high order mode
interaction previously proposed, were fabricated and characterized, resulting in
devices of high optical quality and only 22 nm (0.21%), of fabrication error, demon-
strating low fabrication error and high sensitivity to small changes of temperature:
0.0586 dB/°C.
4. A novel hydrophilization process based on DBD plasma, which allows the reduction
of the contact angle of liquids on the treated surface from 80° to 5° after exposure,
is demonstrated. An advantage of this treatment is that the SU-8 surface maintains
the hydrophilic surface behavior over 24 hours, guaranteeing a low roughness around
0.40± 0.012 nm after treatment. To evaluate its performance, a biofunctionalization
process was developed on the polymer surface for the detection of Immunoglobulin
G (IgG) and Prostate Specific Antigen (PSA), observing variation in the reflectance
angle for concentration around 1µg/mL and dissociation of only 1% after removal
of weakly adsorbed biomolecules on surface.
The combination of this concept with mass-production technologies for defining
the fluid handling (such as microfluidics) will allow achieving a foundational technology
with future applications ranging from clinical diagnosis to food safety.
6.1 Future steps
This doctoral thesis begins a new line of research within of applied and compu-
tational electromagnetism group (GEMAC) based on optical biosensing. According to the
presented results, the future works that remain are:
• Apply the biofunctionalization process to the trimodal sensors to verify their sensi-
tivity.
• Integrate microfluidic channels to enable multiplexed biodetections.
• Apply the sensor in the detection in clinical samples to validate its accuracy.
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Optimize the manufacturing process, to obtain devices with greater sensitivity
working at the visible spectrum.
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Simulation domain of 20 µm × 20 µm.
Perfectly Matched Layer (PML) thickness 3.1 µm.
Triangular mesh with 12 178 elements.
A.1 Sellmeier equations
Silicon:
n2 = 1 + 10.66842933λ
2
λ2 − 0.30151164852 +
0.003043475λ2
λ2 − 1.134751152 +
1.54133408λ2
λ2 − 1104.02 . (A.1)
Silicon dioxide:
n2 = 1 + 0.6961663λ
2
λ2 − 0.06840432 +
0.4079426λ2
λ2 − 0.11624142 +
0.8974794λ2
λ2 − 9.89616102 . (A.2)
Silicon nitride:
n2 = 1 + 0.71839λ
2
λ2 − 0.01988502553 +
2.749λ2
λ2 + 0.01618013915 . (A.3)
A.2 Cauchy’s equations
maP-1205:
n = 0.001 ∗ 1607 + 0.01 ∗ 150(λ ∗ 1× 109)2 + 1× 10
7 ∗ 0(λ ∗ 1× 109)4 (A.4)
SU-8:






PMMA – Poly(methyl methacrylate):









Some fabrication methods were tested before implementing the DLW tech-
nique, between them, we have the two photons polymerization (TPP) implemented in
the nanoscribe equipament. This fabrication method is a new 3D maskless lithography
manufacturing procedure, which uses an ultra-precise piezo mode for arbitrary 3D trajec-
tories at high speeds. In spite of all the advantages described, the TPP technique, has
a high-sensitivity microscope camera for realtime observation of the printing process, as
shown in Fig. B.1, which allows to reduce errors in the manufacturing process.
Figure B.1: Realtime visualization of the printing process.
This method of manufacture is very useful for the fabrication of nanometric
structures, however, it was not adequate for long waveguide with micrometer sizes in the
transversal section, because roughnesses and undesirable imperfections appears, which
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would affect the final performance of the proposed devices.
B.1 Dose characterization using two photon polymer-
ization
Over-dose on fabricated structures with two photon polymerization technique
implemented by the NanoScribe equipment on IPG and SU-8 polymer materials. The
results can be appreciate in Fig. B.2.
Figure B.2: Over-dose on polymer surface. (a) and (b) Single nanometric lines patterned
with SU-8 photoresist. (c) Single nanometric lines and (d) optical waveguides patterned
with IPG photoresist.
B.2 Fabrication of different structures with two pho-
ton polymerization technique
Structures such as woodpiles, nanohelix, bimodal and trimodal structures were
fabricated with the two photon polymerization technique, in order to evaluate the quality
of the finished manufactured components. The results are illustrated in the Fig. B.3.
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Figure B.3: Nanofabrication using IPG photoresist on NanoScribe. (a) Woodpiles and
(b) detailed woodpiles. (c) Nanohelix and (d) detailed nanohelix. (e) Trimodal waveguide
and (f) Lateral distributed bimodal waveguide.
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Appendix C
Fabrication process of photonics
components with SU-8 on silicon
dioxide substrate
The following is the recipe used for the dilution and fabrication by DLW of
photonics components using SU-8 14% solid.
1. To reach down the required viscosity of the SU-8, it is necessary to apply the formula
FinalVolume × FinalSolid = InitialVolume × InitialSolid.
2. It is important to take into account the density of SU-8 75% solid (InitialSolid) and
Cyclopentanone, 1.237 g/ml and 0.950 g/ml respectively.
3. Defining 14% solid as the final concentration (FinalSolid), the required volume of
the SU-8 and Cyclopentanone were 9.33 ml and 40.66 ml respectively, getting a total
volume of 5 ml.
4. Knowing the volume and density of the SU-8 (75%) and Cyclopentanone, we cal-
culated the mass contribution of each component in the mixture., i.e., 11.54 g and
38.62 g respectively, obtaining 50.16 g of total mass.
5. Knowing the total mass and knowing that the density=mass/volume, we calculated
a total density of 1.0032 g/ml.
6. In our calculations the volume of Cyclopentanone within SU-8 (75%) solid is not
taken into account. This volume it is translates into 0.066 g/ml more in the final
calculated density. Total density 1.07 g/ml and recalculated total mass 53.5 g.
7. The required weight percentage of the H-nu 470 products to perform the mixing of
the photoresist with the photoinitiator was calculated. Photoinitiator H-nu 470 0.1
wt.% – (0.054 g), OPPI 2.5 wt.% – (1.37 g) and Accelerator 0.1 wt.% – (0.054 g).
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8. The mixture is stirred 48 hours.
9. An organic cleaning (Acetone and Isopropanol) is made to the gold substrate. In
addition, it is completely dehydrated by exposing it to a temperature of 200 ◦C
20 minutes.
10. The substrate is treated with oxygen plasma at 200 W for 5 minutes.
11. The photoresist was spin coated with 2 speeds, the first one was 10 seconds at 500
rpm and the second one was 30 seconds at 3000 rpm.
12. The sample was prebaked 1 minute at 95 ◦C and exposed using DWL system. The
parameters used to perform the exposure of the sample to visible light were as follows:
Filter (30%), energy (35%), focus (2440) and z distance (−4.690 mm).
13. Finally, the photoresist was subjected to post-exposure bake procedure for 1 minute
at 95 ◦C, and in the sequence was hard-baked 5 minutes at 150 ◦C.
14. In the fabrication of the photonic devices, an additional step is required, which is the
deposition of the cladding. PMMA (poly(methyl methacrylate)) top cladding was
deposited over the optical waveguides on silicon dioxide substrate. 950 PMMA A7,
4% in anisole was spin-coated and hard-baked for 5 minutes on a 150 ◦C hot plate.
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Appendix D
Other passive photonic components
based on polymer technology
D.1 Optical diplexers based on directional couplers
The greatest benefit gained by implementing polymer technology in passive
photonic devices is that the propagating in TE or TM polarization mode is very similar,
disagreeing with less than 1% as will be demonstrated later [80, 116–119].
The coupling coefficient (k) and the total length of coupling or beat length
(Lpi) are required parameters for the efficient design of directional couplers (DC). Both
parameters depend directly and inversely respectively on the difference between the effective
refractive indexes calculated for the symmetric (n1) and antisymmetrical (n2) supermodes







The materials and refractive indexes used to make our designs can be seen
in Fig. 4.2(b). Fixing the height of our waveguides in 600 nm, a study was performed
calculating the effective refractive index as function of the device width, which allowed to
know the required dimensions to ensure single-mode propagation, the selected width was
1.7µm, as shown in Fig. 4.3.
Using the Cauchy’s equation for the SU-8 described at A.4, we calculated
the k and the group index (ng) of the projected structures to know the behavior of the
parameters analyzed for both polarizations, i.e. TE and TM polarization mode. Firstly,
the group indexes for each of the evaluated polarizations, varies between 0.0017 at 1410 nm
wavelength and 0.0058 at 1600 nm wavelength along 200 nm in wavelength. The coupling
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coefficient for both polarizations is practically the same, as shown the Fig. D.1(b), however,
the total coupling length illustrated in Fig. D.2(a), shows that the TM polarization has a
Lpi 390 nm greater than the TE polarization, this is due to the radiation pattern of each
polarization mode and the dimensions of projected device.
Figure D.1: Analysis of refractive index variation and coupling coefficient as function of
polarization mode. (a) Group index variation as function of wavelength variation for single
mode waveguide with 600 nm height and 1.7µm width for TE and TM polarization modes.
(b) Coupling coefficient as function of wavelength variation for TE and TM propagation
mode.
Figure D.2: Coupling length analysis. (a) Total coupling length for a directional coupler
with 600 nm height, 1.7µm width and 1.5 µm gap distance, analyzed for booth polarization.
(b) Propagation at 1490 nm and 1550 nm as function of the coupling length for TE
polarization mode.
The output of the channels 1490 nm and 1550 nm respectively are measured
at independent outputs although the input is the same for both cases. The ’bar’ term
refers to the input and output of the light being on the same waveguide. On the other
hand, ’cross’ refers to the output on the waveguide opposite the input. In order to meet
the conditions of 1550 nm/half-cycle coupler (cross) and 1490 nm/full-cycle coupler (bar)
while minimizing polarization dependent losses. This condition was satisfied for a length of
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1420µm, it is where was calculated the convergence length for both signals with maximum
intensity, as shown in Fig. D.2(b).
D.1.1 Fabrication and characterization of optical diplexers
The fabricated DC on chip with 1.7µm width, 600 nm height, 1.5µm gap and
1.42 mm length in the coupling section length, were cleaved allowing lateral coupling, and
its scanning electron microscope image can be observed in Fig. D.3.
Figure D.3: SEM of fabricated directional coupler based in polymer technology.
The total insertion loss as function of the wavelength was measured through
single waveguides on chip, reaching losses around of 13.5 dB at 1550 nm wavelength for
20 mm length. In addition, experimental measurements of fabricated optical diplexers are
shown in Fig. D.4. The device demonstrates a very good performance with more than
30 nm bandwidth at 3 dB. The insertion loss excludes fiber-chip-fiber coupling loss. The
bar and cross isolation state is better than 20 dB. One may consider that an additional
stage of the diplexer might be cascaded, in order to improve the isolation characteristics.
Due to variations in the fabrication process and not considered losses in simulation studies,
small discrepancies of the measured results regarding to the simulations can be seen at
Fig. D.4(a).
The measure at 1490 nm wavelength output, present the resonance peak on
1555 nm wavelength for both, simulated and measured results, and the latter one shows a
reduction in the amplitude because the simulated curve is not contemplating the insertion
losses intrinsic to the measure. The other hand, the 1550 nm wavelength output, is showing
the same reduction described above in the resonance peak , however, a small offset of 4 nm
in the wavelength is observed.
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Figure D.4: Measures of optical diplexer. (a) Simulation and experimental results for
optical diplexers, evaluated at 1490 nm and 1550 nm for the directional couplers described
above. (b) Experimental results of optical diplexers with coupling length 1.42 mm and
gap variation between 1.5 µm and 2 µm with a pitch of 0.1µm.
D.2 Ring resonator device
Other devices outside of the directional couplers and trimodal interferometers
were fabricated with excellent quality at the end of the manufacturing process. Among
these we have ring resonators, in the Fig. D.5, is possible to appreciate some fabricated
devices.
Figure D.5: SEM image of fabricated ring resonator devices.
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Appendix E
Fabrication process of nano-film
layer of SU-8 on Au substrate
The following is the recipe used for the dilution and fabrication by DLW of
thin films of only 25 nm of thickness.
1. To reach down the required viscosity of the SU-8, it is necessary to apply the formula
FinalVolume × FinalSolid = InitialVolume × InitialSolid.
2. It is important to take into account the density of SU-8 75% solid (InitialSolid) and
Cyclopentanone, 1.237 g/ml and 0.950 g/ml respectively.
3. Defining 3% solid as the final concentration (FinalSolid), the required volume of the
SU-8 and Cyclopentanone were 0.2 ml and 4.8 ml respectively, getting a total volume
of 5 ml.
4. Knowing the volume and density of the SU-8 (75%) and Cyclopentanone, we cal-
culated the mass contribution of each component in the mixture., i.e., 0.247 g and
4.56 g respectively, obtaining 4.807 g of total mass.
5. Knowing the total mass and knowing that the density=mass/volume, we calculated
a total density of 0.961 g/ml.
6. In our calculations the volume of Cyclopentanone within SU-8 (75%) solid is not
taken into account. This volume it is translates into 0.066 g/ml more in the final
calculated density. Total density 1.027 g/ml and recalculated total mass 5.13 g.
7. The required weight percentage of the H-nu 470 products to perform the mixing of
the photoresist with the photoinitiator was calculated. Photoinitiator H-nu 470 0.1
wt.% – (5.2 mg), OPPI 2.5 wt.% – (0.13 g) and Accelerator 0.1 wt.% – (5.2 mg).
8. The mixture is stirred 48 hours.
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9. An organic cleaning (Acetone and Isopropanol) is made to the gold substrate. In
addition, it is completely dehydrated by exposing it to a temperature of 200 ◦C
20 minutes.
10. The photoresist was spin coated with 2 speeds, the first one was 10 seconds at 500
rpm and the second one was 30 seconds at 8000 rpm.
11. The sample was prebaked 1 minute at 95 ◦C and exposed using DWL system. The
parameters used to perform the exposure of the sample to visible light were as follows:
Filter (30%), energy (30%), and focus (2440).
12. Finally, the photoresist was subjected to post-exposure bake procedure for 1 minute
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